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Abstract. A review of gas phase and surface kinetics of hydrogen radicals in 

excited hydrogen molecules strongly influences the mechanisms of the chemical 
reactions. Both homo- and heterogeneous collisional processes are analysed in 
that respect. As will be shown, ionizing plasmas are dominated by gas phase 
rovibrationai excitation phenomena. By contrast the kinetics of recombining 
plasmas are strongly influenced by heterogeneous elementaly processes, where 
they can be distinguished in a natural way. Examples of heterogeneous catalysis 
in plasmas, i.e. particle excitation phenomena at surfaces, are discussed. 
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1. introduction 

A special interest in plasma chemistry arises nowadays 
in the development and characterization of effective 
sources of reactive hydrogen radicals: vibrationally 
excited molecules, atoms and ions. Hydrogen radicals 
are of principal importance in the various schemes 
for deposition of diamond &d diamond-like films 
[l], for selective etching of the materials [Z], and 
in the deposition and passivation of amorphous and 
polycrystalline silicon films [3]. Furthermore, the 
kinetics of hydrogen molecules, atoms and ions in 
plasmas and on surfaces are of great interest in 
understanding the process of H- formation in volume 
and surface production negative ion sources [4]. In 
fusion experiments the kinetics of hydrogen species 
determine the beat losses in the plasmas. The use of 
highly dissociated hydrogen plasmas has also become 
a common procedure in the cleaning of inner surfaces 
of fusion reactors [5]. For a better understanding 
of hydrogen radicals properties, for optimization of 
plasma sources and for application in plasma chemistry 
a detailed study of the plasma kinetics and plasma flow 
dynamics is necessary. It will be demonstrated that 
for the hydrogen radical kinetics both gas phase and 
surface processes are important. The problem consists 
of separating homo- and heterogeneous reactions, since 
they occur simultaneously. 

In this paper we will concentrate on surface 
excitation phenomena. In that respect the recombining 
plasma represents a special interest as it is a candidate 
for investigating selective radical reactions on surfaces. 
Since hydrogen ion kinetics have been discussed 
previously 161, this paper will only cover the kinetics 
of neutral hydrogen radicals in the plasma: atoms and 
rovibrationally excited molecules. 
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-. 2. Hvdrouen . . , -. - -. . . radicals - -. - in . . . ionizing . -. . . plasma 

Most of the experimental and theoretical research on 
the characterization of a hydrogen plasma has been 
performed with respect to the ionizing plasma, because 
of the wide range of applications. In this section we will 
concentrate on the details of diagnostics and modelling 
of hydrogen radicals in ionizing plasma systems. 

2.1. Hydrogen atoms 

2.1.1. Diagnostics. The problem of atomic radical 
density determination (i.e. the dissociation degree) is 
one of the most complicated in plasma chemistry. 
For atomic hydrogen the resonant radiative transitions 
belong to the vacuum ultraviolet (VUV) part of the 
spectrum. Therefore sophisticated techniques of VUV 
coherent and non-coherent absorption spectroscopy have 
been used for the diagnostics of H atoms properties 
in the ground state. Strong VUV continuum, radiated 
by a pulsed gas discharge, has been used in the 
methods of resonance fluorescence [7] and absorption 
of continuum radiation [SI. Radiation of the Lyman- 
ct generated by a microwave discharge lamp has been 
used to measure linear absorption of this line in the 
positive column of a glow discharge [9]. The method 
of resonance-enhanced multiphoton ionization (REMP) 
[IO], the technique of four-wave sum-frequency mixing 
(FWSM) 1111 and the method of coherent anti-Stokes 
Raman scattering (CARS) [ 121 were employed to measure 
the hydrogen atom absolute density emanating from 
a hydrogen volume source of negative ions. The 
VUV laser-induced fluorescence (LIF) technique has been 
applied as a method to measure H atom temperature [ 131 
and density [14-17]. 
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In the case of the excitation of radiative states 
of atoms and molecules by direct electron impact 
from the ground electronic state, the method of 
optical actinometry can be employed for the density 
determination of radicals ground state [18]. With respect 
to hydrogen plasma diagnostics optical actinometry has 
been used to characterize microwave plasma reactors 
[19,20] and pulse discharges [21], used for diamond 
synthesis. Others employed ‘active’ actinometry to 
determine the dissociation degree of an expanding 
recombining plasma 1221. Besides spectroscopical 
techniques, mass spectrometry has also been applied to 
hydrogen plasma diagnostics (cf for example [23,24]). 

Based on the experimental diagnostics and kinetic 
modelling of ionizing plasma the main mechanism for 
H atoms production in hydrogen plasmas are believed to 
include the following: 

direct electron impact dissociation of HZ [18,25]; 
collisional step-wise vibrational energy redistribution 
until the dissociation limit [26]; 
dissociative attachment of electrons to vibrationally 
excited Hz molecules [27-291; 
dissociative recombination of hydrogen molecular 
ions [30]; 
mutual recombination of hydrogen positive and 
negative ions L j l , x ] ;  
dissociative neutralization of hydrogen positive 
molecular ions on the surfaces [33,34]. 

Hydrogen atoms are removed from the plasma 

- - ~  - - ~  

mainly bythe two reactions: 
Hydrogen atoms are removed from the plasma 

mainly by the two reactions: 
three-body collisional gas phase recombination [20]; 
transport plus wall recombination [lo, 35-37]. 

2.1.2. Modelling. Chemical kinetic schemes for 
pure hydrogen plasmas have been analysed in several 
papers. However, in most of the models (cf for example 
[19,20,34,38,39]) it is assumed that the particle 
energy distribution functions are Maxwellian, i.e. each 
component (electrons, ions, neutrals) is characterized by 
its equilibrium temperature. Strictly speaking, at least 
for the electrons, this assumption is not valid when the 
ionization degree is smaiier tinan N io-’. An assumprion 
about the equilibrium Maxwellian approximation with 
respect to hydrogen atoms is rather questionable as 
well, since a significant density of ‘hot’ hydrogen 
atoms can be produced in the reactions of dissociative 
excitation of Hz and/or dissociative recombination of 
H:. ‘Hot’ hydrogen atoms have been detected by 
various techniques in the broad variety of gas discharges 
(cf for example [40-42]). In view of this such numerical 
models have limited accuracy. Until now, only a 
few numericai schemes have been developed where the 
simulation codes include a simultaneous calculation of 
the EEDF in the plasma [43-45]. 

A typical model considers the neutral species (H, 
H2), positive ion species (H+, %+, I-fi) and negative 
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ions h- which, along with electrons, are allowed to 
interact through the various reactions. Besides gas 
phase reactions, surface processes in which particles 
are excited are shown to be very effective. As 
has been demonstrated in many papers, recombination 
on the wd!s cf the reactor shoc!d be cnnsidered a 
dominant mechanism for the atomic hydrogen density 
determination in the plasma. It is generally believed that 
there is not a direct unambiguous correlation between 
the reaction kinetics in hydrogen plasmas (including the 
hydrogen atom production in the bulk) and collisional 
processes occurring at the walls (see, for example 
[46,471). 

2.1.3. Surface recombination phenomena. Wood and 
Wise [35! first p v e d  
hydrogen in various plasma sources is determined by the 
recombination probability of atoms on the walls y(0 < 
y < 1). The historical importance of the work of Wood 
and Wise is primarily based on the determination of 
the recombination coefficients of hydrogen on different 
metallic surfaces (however, surface properties - such as 
the crystallographic structure and chemical coverage - 
were not controlled in these experiments). The measured 
value for y for different metals increases with the Debye 
c!macterist;c t e q e r m r e  of the xetd. In zcordance 
with that, a free atom is more likely to recombine 
with one adsorbed on a surface. This means that 
a hydrogenated surface exhibits a high recombination 
coefficient and low energy accommodation. Molecules 
desorbed from the surface may be expected to be 
vibrationally excited. A theoretical model based 
on the Eley-Rideal reaction mechanism [48] predicts 
the increase of y with wall temperature [49]. An 
experimental analysis of this phenomenon has been 
performed [20]. Figure 1 (taken from [ZO]) shows a 
decrease of relative density of hydrogen atoms as a 
function of the reactor external wall temperature, which 
could be explained by the variation of y [49]. by 
cooling the walls of the discharge chamber the hydrogen 
plasma dissociation degree is increased (as required, 
for example, for diamond synthesis in plasma) and, by 
contrast, the heating of the walls is used in order to 
decrease the H density (as required for negative ion 
volume sources) [4.20,34]. For example, an increase 

been reached by cooling the microwave reactor walls 
[20]. An extended discussion of the dynamics of 
atom (molecule)-surface interactions is presented in the 
literature 1501. 

thp. actual density of atomic 

by a factor of sewn i~ the yield of U atoms has 

2.2. Hydrogen rovibrationally excited molecules 

2.2.1. Diagnostics. Rotationally and vibrationally 
excited electronic ground state hydrogen molecules H;’ 
are thought to play a cruciai roie in the activation of a 
variety of elementary processes in the field of plasma 
chemistry (cf for example [51]). Examples include 
photo-dissociation dynamics [52], reactive scattering 
[53], surface reactions [IO, 371, and formation of H- ions 
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of them [43-45] have the kinetics of free electrons 
been analysed together with the Vibrational kinetics. On 
the other had, it is known that a hydrogen plasma is 
characterized by an essential vibrational excitation of the 
molecules. Typical examples are negative ion sources 
[4,10,12] and atomic hydrogen sources [24], where the 
population of upper vibrational levels is controlled by the 
processes of radiative cascaded decay and recombination 
of the atoms respectively. 

The effect of vibrational excitation on the EEDF is 
primarily determined by superelastic collisions, resulting 
in an increase of the electron energy and rate constants 
for the electron-neutral inelastic collisions [26,44,66]. 
This was demonstrated to be of importance in the 
Vibrational excitation of molecular electronically excited 
states [25]. In a recently developed numerical scheme 
[45] along with the processes of vibrational (de- 
)excitation, the maximum complete set of electronic- 
vibrational bound-bound and bound-free transitions 
between the quantum states of H2 have been taken 
into account. The electronic-vihrational transition 
probabilities (Franck-Condon factors and densities) 
were obtained by means of a numerical solution of 
Schrodinger equation for vibrational degrees of freedom 

Nowadays there is further experimental evidence 
that, besides the pure kinetic approach, the flow 
pattem of non-equilibrium hydrogen plasma is also 
essential to understand the plasma properties. The 
flow of wall stabilized plasmas in a cylindrical channel 
with axial gas flow has been considered [67]. The 
MHD conservation equations of energy and momentum, 
equation of continuity, the Maxwell equations and 
Ohm's law have been treated by the method described 
earlier [IS]. It was shown that, in contrast to the 
noble gases or the nitrogen arc, in hydrogen a strongly 
constricted high-temperature axial channel is realized. 
Near the channel walls the hydrogen plasma ionization 
and dissociation degrees are sharply lower compared 
with the corresponding axial values. The reason for this 
is evident, i.e. for hydrogen the conductive heat flux to 
the walls of the channel exceeds the conductive heat flux 
in argon by more than an order of magnitude. 

Combining the kinetic scheme with non-equilibrium 
chemical, vibrational and electronic particle interactions 
[45], the flow model [IS, 671 would he an important step 
towards the creation of a full numerical model of non- 
equilibrium hydrogen plasma. 

of Hz. 

7.7. ? Snrfare I I ^--- euritstinn phpnnmenl; Amnng the 
various gases hydrogen is the subject of special interest 
for heterogeneous catalysis, since it is very easily 
adsorbed by the surfaces and mainly in atomic form 
[48]. For the interaction of hydrogen with metal surfaces 
it has been reported in several papers, that translational 
and vibrational temperatures of molecules, leaving the 
surface after recombination of atomic hydrogen from 
the gas phase with the hydrogen atoms adsorbed on 
the surface, are much higher than those associated with 
:..face % q m a t m  [lo. 37,681. 
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From the analysis of time-of-flight (TOF) spectra it 
has been shown 1681, that hydrogen molecules desorbing 
from Cu have a very n m w  velocity distribution, with a 
mean energy corresponding to a temperature four times 
larger than the surface temperature of the wall. These 
experimental results suggest that the hydrogen atoms 
permeating to the surface have a low probability to 
equilibrate in a chemisorption well. Moreover they 
rather equilibrate in a sub-surface well from where they 
recombine and desorb directly. The molecules resulting 
from the reco”oinaiion of ~ e s e  aioms 

kinetic energy from the activation barrier for adsorption. 
The independent of the results on S and C coverage 
as well as on the crystallographic direction is a strong 
argument for the involved barrier being sub-surface. 

The production of vibrationally excited hydrogen 
molecules (up to U = 9) have been demonstrated 
even in the absence of the discharge (see [37]). 
With the application of dissociative attachment of 
slow electrons to vibrationally excited molecules as a 
detection technique, it has been estabiished [37j that tie 
molecules are formed at recombinative desorption from 
the metal walls, with H atoms produced using a heated 
filament. The dynamics of the recombinative desorption 
process has been discussed [36] in the framework of the 
potential energy curve model of interactions of hydrogen 
with a metal surface. According to this scheme the 
atomic hydrogen has 2.24 eV available for recombination 
with an adsorbed atom with respect to the H2 molecular 
limit. Thus one would expect levels up to U = 4 
(1.88 eV) to be populated. Apparently higher iying 
levels are populated during V-V exchange processes 
[IS]. Another possible explanation of the excess 
of energy, required for the population of high-lying 
vibrational states, is the existence of a weakly bound 
H state in the H l X u  potential energy surface. This 
explanation has been given in the literature [37,69], and 
partially confirmed by Cacciatore et a1 [70]. However, 
it should be mentioned that in the experiment of Kubiak 
et d 1711 on recombinative desorption of HZ from 
Cu surfaces, only the U = 1 vibrational state has 
been detected and the mechanism proposed was of the 
Langmuir-Hinshelwood type. 

By using a REMPI technique the formation of 
vibrational highly excited molecules, up to U = 5, 
by recombination of atoms on a cold metal surface 
was investigated [lo]. About ten minutes elapsed 
after the discharge with a heated element was shut off 
before production of vibrationally excited molecules via 
recombinative desorption took place. It was suggested 
[lo] that this surface production mechanism would not 
be important in the presence of a discharge, because 
the necessary weakly bound hydrogen layer would 
be sputtered away. The delay between shut off the 
discharge and the H2’ production suggests that surface 
conditions are changed by the discharge in some fashion 
which takes about ten minutes to recover. 

The Eley-Rideal reaction mechanism for the recom- 
binative desorption of hydrogen has been examined the- 
oretically [69]. A two-dimensional model is used to 
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Figure 2. Final vibrational populations for H on H on ‘Cu’ 
and W. P(n) is the relative probability for the molecular 
ending up in the vibrational level n with energy E,,, plotted 
as a function of the kinetic energy of the incident atom 4 
[W. 

describe the interaction between a gas phase atom and 
an atom bound to a metal surface, which combine to 
form a desorbing molecule. Large amounts of vibra- 
tional excitation are found, due to large exothermicity of 
the desorption process of Hz. As an example, figure 2 
taken from the literature [69], illustrates the vibrational 
populations of H2 molecules, desorbed from a copper 
and a tungsten surface, as a function of the kinetic en- 
ergy of the incident atom. The calculated vibrational 
distributions are similar to those measured by Hall et 
al [37]: about 90% of the nonBoltzmann component of 
the vibrational populations is concentrated in about three 
neighbouring vibrational levels. 

3. Hydrogen radicals in a recombining plasma 

The analysis of ionizing plasma systems, carried out 
in the previous section, clearly shows that for the 
hydrogen radical kinetics both homogeneous processes 
in the gas phase, and heterogeneous processes on 
the surfaces are important. At the same time for 
the ionizing plasma one of the largest problems in 
determining the reaction paths consists of properly 
distinguishing between, followed by a separate analysis 
of, both homo- and heterogeneous reactions. To 
distinguish the gas phase and surface reactions the 
recombining plasma might be a promising candidate. 
In a recombining plasma, excitation through electron 
collisions is negligible as the electron temperature is 
rather small. Therefore the only mechanism that is 
capable of exciting the molecules is wall interaction. 
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I expansion 

- 
H adsorped 

Figure 3. The expanding cascaded arc plasma and the 
concept of wall association and recirculation. 

3.1. Diagnostics 

The population density of atomic hydrogen in the 
first excited state H'(n = 2) in a freely expanding 
recombining hydrogen-argon plasma jet (cf figure 3) 
has been determined [72]. Using a kinetic model of 
the relevant atomic and molecular processes, which 
does not require information on the EEDF, the absolute 
density of atomic hydrogen in the ground state and the 
plasma dissociation degree from experimental data were 
derived. The dissociation degree in the expansion was 
less than 20% [22,72]. At the same time the plasma 
source, a cascaded arc thermal plasma in pure hydrogen 
and in argodhydrogen gas mixture was experimentally 
characterized by determination of the efficiency, the 
electric field, and the pressure gradient of the arc [73]. 
From the power balance measurements the hydrogen 

60%, which is much higher in comparison with less than 
20% in the expansion of the arc [72]. The sharp decrease 
of the dissociation degree in the expansion leads to 
the hypothesis that hydrogen molecules must be created 
in the vessei ihrougn wail assuc~at~un U, aiu~us, W I I I G I I  

together with a strong recirculation flow will provide a 
re-ently flow of H2 into the plasma jet. 

In previous works [74,75] an expanding argon 
cascaded arc plasma with different amounts of hydrogen 
added was studied using optical emission spectroscopy. 
Langmuir probes and Thomson-Rayleigh scattering. 
The electron density and temperature, neutral particle 
density and excited hydrogen atoms H*(n > 3) absolute 
population density were determined as functions of the 
axial position in the expansion. The admixture of a smaii 
amount of hydrogen to the argon flow leads to a dramatic 
- up to four orders of magnitude - decrease of the 
charged particles density (cf figure 4, taken from [74]). 
The explanation of this phenomena is the recirculation 
of wall associated H2 in the vessel, which destructs 
the charged particle density by charge exchange to a 
molecular ion and subsequent dissociative recombination 
of the formed ArH+ and H: molecular ions [74,75]: 

2: I"-- ;-+:,.- A-n*na h.,- Laen ,im-;\,d en hp -hnTirr 
1,1655 U I D 3 U C I a L I " I I  up,cc  ,,'La "-11 Y I . I I I U  I" U 1  Y Y V l l  

1 ~ ~ ~ , ,  -----:..:.- .c ...-. ... L!.L 

H+[Ar+] + H:' + Hl[ArH+] + H (1) 

1015 

.*I4 
111-  _" 

-80 -40 0 40 80 

* ("1 
Figure 4. Radial ion density for Ar and Ar-H2 mixtures. 
The arc current is 45 A and reactor pressure is 50 Pa in all 
cases [74]. 

H:[ArH+] + e  + H[Ar] + H'. (2) 

The charge exchange reaction (1) in pure hydrogen 
plasma will be exothermic, i.e. efficient, only if H;,J 
molecules will be rovibrationally excited with internal 
energy > 1.9 eV. 

The expanding plasma in nitrogen and an argon- 

Langmuir probe and mass spectrometry diagnostics [76]. 
Figure 5 illustrates the radial plasma density profiles 
for nitrogen plasma at two axial positions. All plasma 
conditions were similar to the discussed argon-hydrogen 
case (74j. From a comparison of figures 4 and 5 
it is clearly seen that the charged particle density in 
a pure hydrogen plasma is three orders of magnitude 
lower than in nitrogen plasmas. The charge transfer 
reaction Ar+ + H2 is approximately 20 times faster 
than the reaction Ar+ + Nz for temperatures in the 
range T I= 3000 K [23]. The comparison of the rate 
constants for the charge transfer reaction between atomic 
ions and vibrationally non-excited molecules shows that 
the reaction Hf + H2 [77] is approximately ten times 
more effective than the rate constant for the reaction 
N+ + N2 [78]. This means that the difference in the 
rates of reaction (equation (1)) cannot explain a large 
difference in the plasma density for the hydrogen and 
nitrogen. - Here it is very important to emphasise that the 
charge exchange reactions between the atomic ions and 
molecules will only be effective if the molecules (H2 and 
N2) are rovibrationaily excited. 

The qualitative analysis of hydrogen and nitrogen 
properties with repect to the gas phase vibrational 
excitation (see the data presented in table 1)  and with 
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Figure 5. Radial ion density for nitrogen plasma at two axial positions marked on 
the figure. The arc current is 45 A and reactor pressure is 40 Pa, and the gas flow 
rate is 58 SCC-~ 5-l V61. 

Table 1. Thresholds for reaction (l), A€,; rate constants 

molecular vibrational excitation, oo3 by direct electron 
impact H ~ ( v  = 0) + e  --f H2(v = 3) + e p'S] for the H2 and 
NP molecules. 

reaciion @) isGi I .  . .__I _..__ _._. :___ I _ _  -L.. , Q; aiiu Cross se~~wr is  IW uie 

Hydrogen Nitrogen 

AE, (eV) 1.83 1.03 
k, (m3 s-l) 2.3 x 1013(300/T)0.4 1.8 x 10'3(300/T)0~39 

respect to the reactions (1) and (2) shows that, in 
general, a nitrogen plasma has a larger change to 
be vibrationally excited in the gas phase. Moreover, 
the rate for dissociative recombination is larger. Of 
course, due to the great variety of elementary processes 
involved, the vibrational kinetics of HZ and NZ are much 
more complicated than the description presented above. 
However, it is a generally accepted point of view that 
building up vibrational excitation of Nz by gas phase 
reactions is much more favourable than for HZ [SO]. 
Since the rovibrationally excited molecules play a crucial 
role in the plasma recombination, the explanation of the 
results, presented in figures 4 and 5 is put down to: (1) 
the origin of the source of H;J and N:J molecules and 
(2) the fact that nH;r >> nN;~  in the expanding plasma. 

The questions which arise are: what is the real 
difference betwen Hz and N-2, and what is the 
additional source of H:'? Probably, the answer is in 

with respect to the adsorptioddesorption mechanism 
on the walls. From surface chemistry it is known 
that hydrogen can be easily adsorbed by metal walls 
predominantly in atomic form. On the contrary, nitrogen 
is the last in a row among the atmospheric gases which 
adsorbs on metals [48,81]. It has been stated [SI] that 
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at mom temperature iron does not adsorb nitrogen at 
all. Therefore, this might be a reasonable explanation 
for the observed difference, since hydrogen molecules 
desorbing from the walls are highly rovibrationally 
excited [lo, 37,158,691. 

The absolute density of atomic hydrogen excited 
states in a magnetized expanding pure hydrogen plasma 
is measured using emission spectroscopy [32,82]. In the 
experiments the cascaded arc has been operated under 
very low pressure of the order of 30 Torr, and very 
low hydrogen flow N 8 SCC s-'. The motivation to 
apply a magnetic field and to use low pressure and 
gas flow is to avoid the observed strong recombination 
in a freely expanding plasma jet. in this case the 
cascaded arc plasma under investigation should be far 
from the thermal equilibrium [IS]. The genrated plasma 
beam will contain radicals and stable particles with 
a strong non-equilibrium characteristic of translational 
and intemal degrees of freedom [67,73]. In figure 6 
the absolute population densities per statistical weight 
are shown as a function of the ionization potential of 
the levels. As is seen, in the expansion a population 
inversion is observed between the quantum states 3 < 
p < 7. It is useful to express the hydrogen level 
population densities in terms of their deviation from the 
Saha-Boltzmann equilibrium, i.e. the so-called over- or 
underpopulation factor b, = np/n;ha [831. If a certain 
level p is in equilibrium with the continuum, the bp value 
equals by definition the value of one [83]. Using n, and 
T, measured by a double Langmuir probe diagnostics, 
b, values corresponding to figure 6 are calculated. The 
result is shown in figure 7. Comparing the measured 
population densities with the densities calculated on 
basis of the measured ne and T,, using a purely atomic 
collisional-radiative model, leads to the conclusion that 
purely atomic recombination processes cannot account 
for the large population densities observed [39]. It is 
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Figure 6. The absolute density per statistical weight of 
the hydrogen atoms W ( p )  in the expanding plasma for 
different axial positions: 0, z = 18 cm; oz = 21 cm; .A, 
z = 24 cm; v, z = 27 cm. The arc current is 50 A, axial 
magnetic field strength is 40 mT, reactor pressure is 5 Pa, 
hydrogen flow rate is 8 SCC-' s-'. 
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Figure 7. The population factor bp corresponding to 
figure 6; 0, z = 18 cm; 0, z = 21 cm; A, z = 24 cm; v, 
z = 27 cm. 

argued that molecular induced recombination reactions 
in which the negative ion participates should be taken 
into account: 

(3) 

Note that the reaction of mutual neutralization of H' and 
H- can only lead to the excitation of the quantum states 
H(p < 3). 

Hydrogen negative ions H- and positive molecular 
ions are either generated by the arc or formed in the 
reactions with the participation of rovibrationally excited 
H:' moleciles, which are formed at the wall 

H$-I'] + H- -+ HAHI + H*(p). 

q' + e  -+ H- + H  

q' + H+ + H; + H. 

(4) 

(5 )  

Emission and absorption spectroscopy measurements 
of the Balmer line series of atomic hydrogen have 
been carried out in the cases of hydrocarbon (C& or 
CzHz) and silane (Si&) injection in the early expansion 
of a pure argon cascaded arc plasma [84,85]. For 
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such a design of the plasma source the combination 
of high densities and large flow velocities leads to a 
very high particle fluxes. Analysis of the emission 
spectra in the subsonic expansion shows that in most of 
the experimental conditions a relatively strong radiation 
of the Balmer lines takes place. Since the direct 
electronic excitation H(p >, 3) from the ground state is 
negligibly small [74,75], as I". is low, the recombinative 
excitation of the excited levels has to be considered 
Analysis of the kinetics and exothermicity of various 
reactions of recombination (direct dissociation of CxHy 
and Si,H,, dissociative recombination of ArH+, &+, 
with electrons, mutual neutralisation of H', @. 
with H-) clearly indicates that in the excitation of the 
quantum levels H(p 3 3) the rovibrationally excited 
hydrogen molecules H;' should play an important role 
as precursors of atomic lines excitation. 

To avoid the influence of wall phenomena in 
the interpretation of charged particle recombination 
kinetics, a hydrogen microwave pulsed discharge freely 
localized in a space has been specially designed and 
investigated [%I. The temporal evolution of the charged 
particle density has been measured by the technique of 
absorption of a diagnostic microwave beam. The results 
show the fast exponential decay of electron density. 
It has been interpreted as a consequence of the fast 
dissociative recombination. Kinetic estimation show, 
that for this case the dissociative recombination of the 
complex molecular ions with the electrons are the main 
reasons for the plasma decay [%I. 

3.2. Modelling 

The observation that the dissociation degree of hydrogen 
plasma drops in the expanding plasma [ZZ, 73,721 leads 
to the conclusion that the highly dissociated plasma 
flow is strongly mixed in the expansion vessel with the 
cold background gas. Since the molecular hydrogen 
flow from the arc is low, H-2 must be created in the 
expansion vessel as a result of wall association. At 
the same time it is clear, that the crucial point of the 
kinetic schemes equations (1)<5) is the presence in the 
recirculating plasma flow not simply H,(u = O), but 
rovibrationally excited hydrogen molecules q' as well. 

Such molecules might be generated in gas phase, 
but more probably on surface reactions of association of 
hydrogen atoms, followed by a desorption in the form 
of q'. Experimental data on the properties of the 
desorbed molecules from the metal walls showed that 
Hz was highly vibrationally excited [ 10,37,68]. The 
reason is that the H atom has A E  cx 2.24 eV available 
for the recombination with the surface H atom. The 
excess energy must be distributed between translation 
and intemal (rotational and vibrational) degrees of 
freedom of Hz. This means that surface desorption of 
H-2 might be an effective source of rovibrationally 
excited molecules. From the chemical point of view 
such a phenomena could be classified as heterogeneous 
catalysis in plasma. 
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4. Conclusions 

The diagnostics and modelling of both ionizing and 
recombining hydrogen plasma systems have been 
presented. Both gas phase and surface reactions of 
hydrogen radicals - atoms and rovibrationally excited 
molecules - have been reviewed. 

It has been shown that the presence of rovibrationally 
excited hydrogen molecules in recombining plasma 
strongly influences the kinetics and even the direction 
of the chemical reactions. The formation mechanisms 
of these excited molecules are subject of special 
interest. Both homo- and heterogeneous collisional 
processes should be analysed in that respect. For the 
volume production of H:' the reactions of stepwise 
electron excitation and mutual neutralization of the ions 
(reaction (3)) have been analysed as possible candidates. 
For the expanding cascaded arc plasma the transport of 
rovibrationally excited hydrogen molecules formed in 
the arc could also be important. 

The inelastic collisional processes of plasma particles 
on surfaces, including radical adsorption and desorption, 
could be interpreted as a catalytic action of the surfaces 
to the extent that it leads to changing of the particle 
excitation. For the non-equilibrium hydrogen plasma a 
special interest represents the heterogeneous reactions 
of catalytic atom recombination. In that case the 
desorbed molecules with the large probability leave the 
surface with a substantial rotational and/or vibrational 
energy, which depends on the recombination-desorption 
mechE%kE Ry cnnvect;ve gas flews the deserbed 
rovibrationally excited molecules can be transported 
into the plasma jet and strongly influence the plasma 
properties (see reactions (I)+)). In contrast with 
ionizing plasma systems, where the electron excitation 
gas phase phenomena determine the plasma properties, 
the recombining plasma with cold electrons (where 
the excitation processes from the plasma volume are 
negligibly small) represents a special interest - the 
analysis of particle excitation by means of surface 
processes. 

Ions, Mater. Res. Soc. Symp. Proc. vol 268 (Pittsburgh 
MRS) 

1992 Amorphous Silicon Technology, Mater. Res. Soc. 
Symp. Proc. vol258 (Pittsburgh MRS) 

Alessi J G and Hershcontch A (ed) 1994 Production and 
Neutralirm'on of negative Ions and Beams AIP C o d  
Proc. (New York: Am) No 387 

[5] Matsuzaki Y and Ohtsuka H 1986 Japan. J. Appl. Phys. 
25 L209 

[6] Graham W G 1994 Pmc. X l l  ESCAMPIG 
(Noordwijkrhout, The Netherlands) 1994 ed M 
C M van de Sanden 

131 Thompson M J, Hamakawa Y and LeComber P G (ed) 

[4] 

[71 Bogen P and Lie Y T 1978 AppL Phys. 16 139 
[SI Forman P R and Kunkel W B 1968 Phys. Fluids 11 1528 
[91 Amorim 1. Bavarian G. Touzeau M and Jolly J 1994 J. 

[lo] Eenshuistra P J, Bonnie J H M, Los J and Hopman U J 

[ l l ]  Stutzin G C, Young A T, Schlachter A S, Leung K N and 

1121 Pealat M, Taran J P E, Bacal M and Hillion F 1985 J. 

[13] Dunlop J R. Tserepi A D, Preppemau B L, Vemy T M 

Appl. Phys. 76 1487 

1988 Phys. Rev. Lett. 60 341 

Kunkel W B 1989 Chem. Phys. Lett. 155 415 

Chem Phys. 82 4943 

and Miller T A 1992 Plasma Chem. PIarma Pmc: 12 
89 

[14] Kajaiwara T, Inoue M, Okada T, Muraoka K, Aka& M 
and Maeda M 1985 Rev. Sci. Instrum. 56 2213 

[15] Mertens P and Bogen P 1987 Appl. Phys. A 43 197 
[161 Schulz-von der Gathen V, Bomemann T, Wagner D and 

Dokle H F 1991 Pi-or. X Int. Symposium on Plasm 
Chemistry (Bochum, Germany) ed U Ehlemann, H G 
Lergon and K Wiesemann 2.1-2 

[17] Deson J, Lalo C, Rousseau A, Veniard V and Diamy 
A M 1993 Proc. XI Int. Symp. P h m a  Chemistry 
(Loughborough, UK) vol4 ed J E Hany p 1604 

[!8j Le!ev!&! V K, Ocorbzev D 'c z.6 Pckm D C !992 
Physics of Non-Equilibrium Plnsmas (Amsterdam: 
Elsevier) 

1191 Gicquel A, Scott C D, Lefebre M. Anger E and Pealat 
M 1993 Proc. XI Int. Symp. Plasma Chemistry 
(Loughborough, UK) vol 4 ed J E Harry p 1668 

[ZO] St-Onge L and Moisan M 1994 Plasma Chem P h m a  
Proc. 14 87 

[21] Laimer J and Matsumoto S 1994 Plasma Chem. Plasma 
Proc. 14 117 

[22] de Graaf M J, Severens R J, Schram D C, Otorbaev D 
K, Qing Z, Meulenbmeks R F G and van de Sanden 
M C M 1993 Proc. XI Int. Symp. Plasma Chemistry 
(Loughborough, UK) vol 1 ed J E Hany p 392 

Gaucherel P and Rowe B 1977 Int. J. Mass. Spectrom. [23] 

Acknowledgments 

This work was supported by FOM (Netherlands 
Foundation for Fundamental Research), and partially 
supported under grant no 713-224 of W O  (Netherlands 
Scientific Society). D K Otorbaev acknowledges support 
from the Eindhoven University of Technology. The 
work of M C M van de Sanden has been made possible 
by the Royal Netherlands Academy of Arts and Sciences. 

References 

[l] Bachmann P K, Collins A T  and Seal M (ed) 1992 
Diamond 1992 Proc. Ill Int. ConJ New Diumnd 
Science and Technology (Amsterdam: Elsevier) 

Grabowski K S, Bamett S A and Rossnagel S M (ed) 
1992 Materiuls Modijication by Energetic Atoms and 

[2] 

300 

Ion Phys. 25 21 1 

B 1993 Plasma Sources Sci. Echnol. 2 93 

Phys. 140 209 

Phys. 34 193 

[24] Geddes J, McCullough R W, Donnelly A and Gilbody H 

[25] Celiberto R, Capitelli M and CacciatoreM 1990 Chem. 

1261 Celiberto R, Capitelli M and Dilonardo M 1978 Chem. 

[27] Wadehra J M 1984 Phys. Rev. A 29 106 
[281 Allan M and Wong S F 1978 Phys. Rev. Lett. 41 1791 
[29] Hickman A P 1991 Phys. Rev. A 43 3495 
r30l Mitchell J B A 1990 Phvs. Reo. 186 215 
i31j Shingal R and Bransden.B H i990 J. Phys. B: At. Mol. 

[32] van de Sanden M C M, Zhou Qing, Otorbaev D K. 
Phys. 23 1203 

de Grad  M 3, Wevers J C A and Schram D C 1994 
Pmc. V. European W o k h o p  on the Production and 
Applicalion of Light Negative Ions (Dublin, Ireland) ed 
M Hopkins 

[33] Hiskes J R and Karo A M 1990 J. Appl. Phys. 67 6621 
[34] Berlemont P, Skinner D A and Baa l  M 1994 AIP 

Conj Proc. (Upton NY) 1992 ed J G Alessi and A 



1351 
I361 

1371 

[381 

1401 

I391 

~531 
1541 

Hershcovitch (New York: AIP) no 287 p 76 
Wood B J and Wise H 1962 J. Chem Phys. 66 1049 
Comsa G, David R and Schumacher B J 1980 Sur$ Sri. 

Hall R I, Cadez I, Landau M, Pichou F and Schermann C 

Fukumasa 0, Itatani R and Saeki S 1985 J. Phys. D: Appl. 

Wevers J C A 1993 MSc Thesis Eindhoven University of 

Ogawa T and Higo M 1980 Chem Phys. 52 55 
McNeill D H and Kim J 1982 Phys. Rev. A 25 2152 
Stutzin G C, Young AT.  Schlachter A S, Steams J W, 

95 L210 

1988 Phys. Rev. Lett. 60 337 

Phys. 18 2433 

Technology 

Leune K N. Kunkel W B, Worth G T and Stevens R R 
1988hv. Sci. Instrum. 59 1479 

Gorse C, Cauitelli M, Bacal M and Bretagne J 1986 
Chem.' Phis. 102 1 

22 16p.Q 

ESCAMPIG (Noordwijkerhout, The Netherlnnds) 1994 
ed M C M van de Sanden 

Kleyn A W 19xx AIP Conf Proc. (Upton NY) I992 ed A 
Hershcovitch (New York AIP) no 210 p 3 

Cacciatore M 19xx Proc. Invited Pupers XX ICPIG (Pisu, 
Italy) 1991 ed V Palleschi et ul p 125 

Atkins P W 1982 Physical Chemistty (Oxford Oxford 
University Press) 

Bell A T  1972 Ind Eng. Chem. Fund 11 209 
Bortolani M, March N H and Tosi M P (ed) 1990 

. 

Laureiro I and Ferreira C M 1989 J. Phys. D: Appl. Phys. 

Matveyev A A and Silakov V P 1994 Proc. XI1 

I ........ :... .?" .̂ ..._ _..I " 1 - 1  _..:.L ?-,>A 
,,L'Bmcll"n ", fi'",,'> U,- 'UvIrCuLrJ W I ' R  I)""" 'U,JULC* 

(London: Plenum) 
Capitelli M, Celimberto R and Cacciatore M 1994 Adv. At. 

Mol. Opt. Phys. ed M Imokuti (London: Academic) 
Debarre D, Lefebre M, Pealat M, Taran J P E, Banford D 

J and Moore C B 1985 J. Chem. Phys. 83 4476 
Nieh J C and Valentini I J 1988 Phys. Rev. Lett 60 519 
Gorse C, Celimberto R, Cacciatore M, Lagana A and 

Buttenhoff T I, Carlton K L, Chuang M C and Moore C B 

Bardsley J Nand Wadehra J M 1919 Phys. Rev. A 20 

Graham W G 1984 J. Phys. D: Appl. Phys. 17 4592 
Cacciatore M, Capitelli M, Celimberto R, Cives P and 

Capitelli M 1992 Chem Phys. 161 21 1 

1989 J. Chem. Soc. Furuduy Trans. 85 2 

1398 

Gorse C 1990 AIP Conf: Proc. (Upton NYJ 1992 ed A 
Hershcovitch (New York AIP) no 210 p 74 

Hiskes J R 1991 J. Appl. Phys. 70 3409 
Hiskes J R, Karo A M, Baal  M, Bruneteau A M and 

Mitchell J B A and Graham W G 1987 AIP Conf: Proc. 

Djamo V, Teillet-Billy D and Gauyacq J P 1993 Phys. 

Cacciatore M and Biiling G D i992 1. Fhys. Chem. 96 

Graham W G 1982 J. Appl. Phys. 53 3469 

ed J G AIessi (New York: AIP) p 35 

Rev. Lett. 71 3267 

217 

1731 

1741 

[75l 

[761 

1831 
~841 

Heterogeneous kinetics in plasma chemistry 

Garsaia E and Lagana 1986 J. Phys. Chem 90 987 
Cacciatore M, Billing G D and Capitelli M 1990 AIP 

Conf P m .  (Upton NYJ 1992 ed A Hershcovitch (New 
York AIP) no 210 p 62 

82 1900 

M, Otorbaev D K, van de Sanden M C M and Schram 
D C 1994 Proc. XI1 ESCAMPIG (Noordwijkerhout, The 
Netkerlands) 1994 ed M C M van de Sanden 

Gorse C, Capitelli M and Ricard A 1989 J. Chem Phys. 

zhou Qing, Kulumbaev E B, Semenov V F, Lelevkin V 

" s a  G and David R 1982 Sur$ Sci. 117 77 
Jackson B and Persson M 1992 J. Chem. Phys. 96 2378 
Cacciatore M, Capitelli M and Billing G D 1989 Sur$ Sri. 
217 391 

Kubiak G D, Sitz G 0 and Zare R N 1985 J. Chem. Phys. 
83 2538 

Otorbaev D K, Buumn A J M, van de Sanden M C M, 
Meulenbroeks R F G and Schram D C 1995 to be 
nnhlich.4 
p."L'*L."Y 

Zhou Qing, de Graaf M J, van de Sanden M C M, 
Otorbaev D K and Schram D C 1994 Rev. Sci. Insfrum. 
65 1469 

de Graaf M J, Severens R I, Dahiya R P, van de Sanden 
M C M and Schram D C 1993 Phys. Rev. E 48 2098 

Meulenbroeks R F G, van Beek A J, van Helvoort A J G, 
van de Sanden M C M and Schram D C 1994 Phys. 
Rev. E 49 4397 

van de Sanden M C M and Schram D C 1994 Phys. 
Plusmas 12086 

Chem. Phys. 54 1058 
Freysinger W, Khan FA,  Armentrout D B, Tosi P, 

Dmitriev 0 and Bassi D 1994 J. Chem Phys. 101 3688 
Schulz G J 1980 Principles o f k s e r  P I a s m  ed G Bekefi 

(New York Wiley) p 35 
Cacciatore M, Capitelli M and Gorse C 1980 J. Phys. D: 

AppL Phys. 13 575 
Castellan G W 1983 Physical Chemistry (New York 

Dahiya R P, de Graaf M J, Severens R I ,  Swelsen H, 

~&Uday >"i G, i"ru&em,an j T and r+Grrai j 1971 1, 

Addison-Wesley) 

M, de Graaf M J, Wevers J C A and Schram D C 
1994 Pmc. XI1 ESCAMPIG (Noordwijkerhout, The 
Netherlands) 1994 ed M C M van de Sanden 

van der Mullen J A M 1990 Phys. Rev. 191 109 
Otorbaev D K, Buuron A J M, van de Sanden M C M and 

Schram D C 1994 J.  AppL Phys. 76 4499 
Dinescu G, Severens R J, van de Sanden M C M, 

Brussard S and Schram D C 1994 Proc. XI1 ESCAMPIG 

Zhou Qing, van de Sanden M C M, Otorbaev D K, Eerden 

(Noordwijkerfwut. The Netherlnnds) 1994 ed M C M 
van de Sanden 

Gritsinin S I, Kossyi I A, Matveyev A A, Silakov V 
P and Tarasova N M 1994 Pmc. XI1 ESCAMPIG 
(Noordwijkerhout, The Netherlands) 1994 ed M C M 
van de Sanden 

301 


