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Abstract

Hj,-containing low-temperature plasmas are used in a wide range of industrial applications. In
recent decades, efforts have been made to understand and improve the performance of these
plasmas, mainly when operated at low and medium pressures. Studies of hydrogen-containing
plasmas at atmospheric pressure, however, are scarce despite the potential advantage of
operation in a vacuum-free environment. Here the chemistry of low-temperature
atmospheric-pressure He + H; plasmas is studied by means of a global model that incorporates
20 species and 168 reactions. It is found that for a fixed average input power the plasma
density decreases sharply when the H, concentration is higher than ~0.2%, whereas the
atomic H density peaks at a H, concentration of ~2%. Operation at larger H, concentrations

leads to lower plasma densities and lower H concentrations because at high H, concentrations
significant power is dissipated via vibrational excitation of H, and there is an increasing
presence of negative ions (H™). Key plasma species and chemical processes are identified and
reduced sets of reactions that capture the main physicochemical processes of the discharge are
proposed for use in computationally demanding models. The actual waveform of the input
power is found to affect the average density of electrons, ions and metastables but it has little

influence on the density of species requiring low energy for their formation, such as atomic

hydrogen and vibrational states of hydrogen.

(Some figures may appear in colour only in the online journal)

1. Introduction

Hj-containing low-temperature plasmas display strong
reducibility, high diffusivity and slight electronegativity,
finding use in a wide range of industrial applications, such
as cleaning and passivation of oxide layers [1,2], silicon
crystallization [3], polymerization [4, 5], etching [6], plasma
addressed liquid crystal displays [7] and growth of nanotubes
(mixed with CH4 or CF, as a carbon source) [8,9]. In
recent decades, efforts have been made to understand and
improve the performance of these plasmas, mainly when
operated at low and medium pressures. Studies of hydrogen-
containing plasmas at atmospheric pressure, however, are

0963-0252/13/055016+12$33.00

scarce despite the potential advantage of operation in a
vacuum-free environment.

In this paper, low-temperature atmospheric-pressure He +
H, plasmas are studied by means of a global model. Global
models have been widely used to study the chemistry of low-
pressure [10-12] and atmospheric-pressure [13—16] plasmas,
as they provide a computationally effective way of analysing
plasma chemistry and identifying key chemical pathways.
Global models of atmospheric-pressure He+O,, He+H,O
and He+O,+H,;O plasmas have been reported in recent
years and qualitative agreement has been found between
computational results and experimental observations made via
optical spectroscopy and mass spectrometry [14—17]. The
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He+H; model used in this study incorporates 20 plasma species
and 168 chemical reactions, which have been compiled from
an extensive literature review.

Results are presented for a wide range of Hj
concentrations (1 ppm up to 50%) and due to their application
relevance, special attention is paid to the density and generation
mechanisms of H and H™. Vibrational excitation of H,
is also discussed as significant differences are found when
comparing atmospheric-pressure He + H, discharges with their
low-pressure counterparts. In addition, the power modulation
effect on the plasma-induced species is discussed for four input
power waveforms.

The paper is structured as follows. A description of the
global model is given in section 2, and simulation results for
a sinusoidal input power are presented in section 3, where
density trends, generation/loss mechanisms of selected species
and power dissipation are discussed as a function of the H,
concentration. Key plasma species and chemical pathways are
also identified and reduced sets of reactions and plasma species
are proposed for computationally intense models. Finally, in
section 4, the influence of the time variation of the input power
on the density of plasma species is discussed.

2. Computational model

Here we consider a global model of a discharge sustained
between two parallel-plate circular electrodes with a radius
of 1cm and a gap of 2mm between them. The He+H,
discharge is sustained at atmospheric pressure and is excited
by a radio frequency (RF) source (13.56 MHz) that delivers
an average power density of 40Wcm™. The neutral gas
temperature is assumed to remain at room temperature (300 K),
and the gas flow rate is set to 100sccm. These conditions
are the same as those used in similar computational studies
of other atmospheric-pressure discharges and they reflect
conditions encountered in actual experiments [14—16]. The
H, concentration in the feed gas is varied between 1 ppm and
50%, covering a wide range of He/H, admixtures relevant for
applications.

Global models solve particle and power balance equations
and they have been widely used to study the chemistry
of low-pressure [12, 18] and atmospheric-pressure [13—16]
plasmas. They are zero-dimensional models that neglect
spatial variations by describing the plasma in terms of average
quantities. As a result, global models are computationally
inexpensive and they can easily handle large sets of chemical
reactions. Due to these simplifications and the uncertainty in
some reaction rates, results of global models typically provide
insights into key underlying chemical pathways in a qualitative
manner.

The particle balance equation for each plasma species is
given by [14]

N F
3 = Oty | Z o Ui — Bl | — T (D
i=l,i#k
where n; (cm™3) is the number density of species k, Gy
(cm™3s7!) is the net generation/loss rate of species k due

to reactions in the bulk plasma, N is the total number of
species, S (cm?) is the total area of the electrodes, V(cm?)
is the plasma volume, 'y (cm~2s71) is the flux of species k
to the electrodes, «; ; is the probability of producing species
k by a reaction on the electrode from species i, f; is the
surface loss probability of species k and F is the gas flow
rate (sccm). The first term on the right-hand side represents
volume processes, the second term the particle gain/loss due
to surface reactions on the electrodes and the third term the
loss due to gas flow. Losses of species on the boundaries
are dealt with as described in detail in previous works [14].
In brief, the negative ions are assumed to be confined by the
ambipolar field, i.e. XI'_ = 0, and the electron loss balances
the positive ion flux thereby keeping the plasma quasi-neutral.
Although atmospheric-pressure sheath-dominated discharges
in which quasi-neutrality does not hold have been reported
in the literature, these occur in discharges with a smaller gap
than the 2 mm considered in this study [19, 20]. Diffusion in
the radial direction is neglected here since the mean distance
travelled by particles during their lifetime is much shorter than
the radius of the electrodes [14,21]: for a typical lifetime (7)
of 1 ms and a diffusion constant (D) of 1 cm? s~', the distance
travelled is /Dt < 3 x 1072 ¢cm, which is much smaller than
the electrode radius (1 cm).

Reaction rates needed to determine the generation/loss
of species in the discharge (G;) depend on the mean
electron energy. This is determined by solving the power
equation [11, 14]. Typically, it is assumed that the power
delivered to the plasma is mainly coupled to electrons although
various schemes have been proposed to account also for
power dissipation in the sheaths [10—14]. Here we follow the
approach used in [14]. In addition, it is noted that a significant
amount of power can be coupled to ions in the bulk plasma of an
atmospheric-pressure discharge. The ratio of power coupled
to ions in the bulk to the total (electrons + ions) power coupled
to the bulk plasma is given by [21]

i Do Hing )
Hele + Dy /’*{(nf
where p. (cm?> V~!s71) is the electron mobility, 7, (cm™3) is
the electron density, /L{‘ (cm? V™! s71) is the mobility of ionic
species k and nf‘ (cm™3) is the density of ionic species k. In
electropositive discharges, the electron density is comparable
to the ion density and due to its larger mobility most of
the current in the bulk is carried by electrons and hence
most of the power is coupled to the electrons. However, if
the discharge becomes electronegative, the electron density
will be smaller than the ion density and the ion current in
the bulk may not be negligible when compared with the
electron current. For a He+H, plasma, we can take HJ
as a representative ion. Its mobility is 40cm? V~'s~! and
that of the electrons is 1056 cm? V~' s~! [22, 23]. Therefore,
according to equation (2) even when the densities of electrons
and ions are equal, ~4% of the power dissipated in the bulk
is coupled to the ions. Taking into consideration the energy
coupled to ions in the bulk plasma, the electron power balance
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equation can be written as
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where e is the elementary charge, T. (eV) is the effective
electron temperature, Py, (W) is the input power, N,
is the number of electron impact reactions, & (eV) and
R; (cm™3s7!) are the electron energy loss due to the
ith electron impact reaction (including electron—neutral
momentum transfer collision) and the corresponding reaction
rate, g, (V) and g, (eV) are the energy lost per electron and
ion escaping the plasma across the sheaths. Given the large
collisionality of atmospheric-pressure discharges, the electron
energy relaxation time is short and the electron temperature
is expected to be markedly time-modulated. The actual
waveform of the instantaneous power, however, is unknown a
priori and for a fixed input voltage it will vary depending on the
plasma density and discharge geometry [24]. For simplicity,
results presented in section 3 assume that the input power varies
as P(t) = %Pave|sin(wt)|, where P, is the phase-averaged
input power. A discussion on other time variations of the input
power can be found in section 4.

Equations (1) and (3) are integrated using a self-developed
MATLAB code that makes use of the built-in stiff ordinary
differential equation solver ode23s to solve for the evolution
of the electron temperature and species densities [25]. The
time resolution is chosen so that the rf modulation is accurately
captured and the simulations are run until the relative change
in phase-averaged densities between consecutive cycles is less
than 10~*. For a further description of the model, the reader is
directed to [11, 14]. The model considers 20 species and 168
reactions that have been identified after an extensive literature
review. The species incorporated in the model are listed in
table 1, and a list of the reactions can be found in table Al in
the appendix. Vibrationally excited states H,(v) and Rydberg
states H, (R) are taken into account to investigate their effect on
H~ formation and power dissipation. HI and larger clusterions
are not considered in this model due to the lack of reliable data.
Reaction rate coefficients are either taken from the literature
or calculated from cross-section data using Bolsig+ [26], a
Boltzmann solver. In the latter case, look-up tables of the
reaction rates as a function of the mean electron energy and
gas composition are generated and fed to the global model.
In a few instances, where data were not available, educated
estimates have been made based on the recommendations given
in [27,28]. Some cross-sections for excited states of H, have
also been estimated by shifting cross-sections of the ground
state by the threshold energy, as suggested in [12].

3. Simulation results and analysis

3.1. Density of plasma species as a function of H,
concentration

The phase-averaged density of charged species in He+H;
plasmas as a function of H, concentration is shown in

Table 1. The 20 species included in the global model.

Species Model? Species® Model
He S He* S
H2 S He;k S
E S H S
He* S1 H(n = 2)

He} S1 H(n =3)

HeH* S1 Hy(v=1) S
H* S H,(v =2) S
H} S Hy(v = 3) S
H} S H,(v") S2
H~ S2 H,(R)

# S1: species relevant only in regime 1

([H2] < 0.5%); S2: species relevant only in regime
2 ([H2] > 0.5%); S: main species in both regimes 1
and 2.

® H, (v") represents vibrational excited states of
H,(v > 4); Hy(R) represents Rydberg states of H,.
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Figure 1. Density of charged species as a function of H,
concentration; —8: electron; —#—: He}; —&—: HeH*; —¥—: H*;
—i— H3; ——. 100xH™; dashed line: electron temperature.

figure 1. The densities of He* and HJ are very small and
they are not shown in the figure. At low H, concentrations
([H2] < 10 ppm), the dominant ionic species are He3, HeH*
and H*, whereas at higher hydrogen concentrations Hj
becomes the dominant ion. This trend is similar to that
observed in He+N, [29], He+O, [14], He+H,O [15,30]
atmospheric-pressure discharges and it can be concluded that
unless very high purity He is used (>99.999%), cluster ions
will be the dominant ionic species in He atmospheric-pressure
discharges.

The electron density is found to increase initially with the
addition of hydrogen into the discharge, reaching a maximum
at [H,] ~20ppm. The dependence of electron density on
the hydrogen concentration, however, is fairly weak as long
as the latter remains less than ~0.2%. At higher hydrogen
concentrations, the electron density decreases rapidly (figure 1)
due to the increasing energy lost in vibrational excitation
(see further discussion in section 3.3). It is noted that in
experimental studies, a small fraction of Hy around 1% is
often introduced as a means to measure the electron density
by Stark broadening of the Hg line [31-33]. If the electron
density of an atmospheric-pressure helium discharge is to be
measured, however, introducing less than 0.2% of hydrogen
is recommended in order to minimize the change in electron
density caused by the presence of hydrogen.
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Figure 2. Density of neutral species as a function of H,
concentration; —#—: He*; —#—: He}; —b— ;% H,(v = 1);
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As shown in figure 1, the main anion is H™ and its density
increases with increasing concentration of H; in the discharge.
The ratio [H™]/[e], however, is typically <1 for the conditions
considered in this study and therefore the discharge remains
electropositive. The phase-averaged electron temperature is
also shown in figure 1. The electron temperature remains fairly
constant for hydrogen concentrations of up to ~1% and then it
decreases due to the lower ionization threshold of H (15.4 eV
instead of 24.6 eV required for helium). The variations at a
low hydrogen concentration ([H,] < 1%) are attributed to the
varying significance of Penning processes.

Figure 2 shows the phase-averaged density of the most
abundant neutral species as a function of H, concentration.
Species not listed in figure 2 have densities smaller than
107 m=3. The densities of helium (atomic and dimer)
metastables decrease sharply with increasing H, concentration,
whereas the densities of vibrationally excited H; increase. At
hydrogen concentrations smaller than 1% (10* ppm), H atoms
are the most abundant neutral species (after the ground state
background gases). At higher H, concentrations, however,
vibrationally excited H, becomes more abundant. The density
of vibrationally excited states in He+H, plasmas is found
to be larger than in similar He+O, discharges [14] and
the implications in terms of plasma chemistry and energy
dissipation are discussed in section 3.4. Finally, it is noted
that the Rydberg states of H, have a similar trend as atomic
hydrogen, with a maximum density at [H,] ~1% but with a
density that is ~9 orders of magnitude smaller.

Atomic hydrogen is believed to be critical in many
applications of hydrogen-containing plasmas, such as
passivation of oxide surface layer [1], silicon crystallization
[3], etching [6] and air purification [34]. Therefore, an
optimum feed gas composition for atmospheric-pressure He +
H; plasmas would be He+2%H, as this would maximize the
density of atomic H. Furthermore, limiting the concentration
of H, to 2% would mitigate the risk of flame and/or
explosion [35].

3.2. Generation and loss mechanisms of electrons, H~ and H

As shown in figure 3(a), electron generation is primarily due to
Penning processes and the main electron loss mechanism is the
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Figure 3. Processes contributing to (a) generation and (b) loss of
electrons; - - - -: total rate; —#—: electron impacted ionization;
—&— H- +H — H, +e; —¥—: collisional detachment by Hy(v);
- Penning ionization; +: dissociative attachment of H,;
_*_: dissociative attachment of H, (v); _._: dissociative

attachment of H,(R); ‘ : electron—ion recombination; [ :
electrode loss.

loss to the electrodes (figure 3(b)). This trend is similar to that
observed in other helium-based atmospheric-pressure plasmas
[14-16,29]. The rate of Penning ionization increases with
increasing H, concentration as more H, becomes available
for collisions with metastable helium atoms and dimers,
reaching a maximum rate at [Hy] ~1000ppm. At very
high H; concentration, dissociative attachment (mainly (R50):
e+H, — H+H™) and collisional detachment (mainly (R73):
H™ + H — H; +e) become important, resulting in an electron
energy loss channel with H™ as an intermediate. At this high
H, concentration (>5%), electron impact ionization is more
effective than Penning processes.

The non-monotonic trend of the electron impact ionization
rate shown in figure 3(a) reflects the variations in electron
temperature shown in figure 1. At [Hy] < 20ppm,
Penning processes become more efficient with increasing Hj
concentration, leading to a reduction in the mean electron
energy required to sustain the plasma (figure 1) and thereby a
decrease in the electron impact ionization rate. The decreasing
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trend observed at H, concentrations beyond 1% is attributed
to the lower electron density present in the discharge at a high
H; concentration (figure 1).

It is noted that dissociative attachment of vibrationally
excited Hp(v) and H,(R) plays a limited role in the
electron density balance (figure 3(b)). This is due to the
high collisionality of atmospheric plasmas, which results
in rapid collisional quenching of energetic states. As a
result, dissociative attachment in atmospheric-pressure He+H;
plasmas plays a much lower role in the electron balance than
in low-pressure H,-containing plasmas [36].

The main production mechanism of H™ in
hydrogen-containing plasmas remains unclear [37,44] and
in low-pressure discharges it is normally attributed to the
following two processes [36]:

e+Hy(v) > H+H™ (R51-54)

e+H,R) - H+H". (R55)

Regarding the dissociative attachment of vibrationally excited
H,(v) (R51)—(R54), it is found that the process is dominated
by the dissociative attachment of high-energy states, i.e.
H,(v”). This agrees with the trend observed in medium-
pressure hydrogen discharges [7]. The rate coefficients for
reactions (R51)—(R55), however, are not well defined and this
has contributed to the controversy over the main mechanism
leading to H™ production. Here we have assumed that the
rate of (R55) is 6 x 107> cm®s™!, one of the largest values
reported in the literature [37], and found that the contribution
of Rydberg states is three orders of magnitude lower than that
of ground state H,. The dissociative attachment of H, (V") is
also small, even smaller than that of low-energy vibrationally
excited H,, i.e. Hy(v = 1-3) when [H;] < 20%. So, the
main production mechanism of H™ at atmospheric pressure is
found to be neither of these mechanisms. Instead, dissociative
attachment of ground state H, (R50): e+H, — H™+H) results
in a generation rate of H™ that is ~1 order of magnitude larger
than the rest. This is a consequence of the larger collisionality
of the discharge that leads to (1) lower electron mean energy
than in low-pressure plasmas and therefore lower generation
rates of energetic species such as vibrationally excited H, (V")
and Rydberg states H>(R); and (2) collisional relaxation of
energetic excited states. As a result, the density ratios of
[H2(v")] and [H»(R)] to [H;] are much lower in atmospheric-
pressure plasmas than in their low-pressure counterparts, and
hence (R50), instead of (R51)—(R54) and/or (R55), dominates
H™ production. Regarding the loss mechanisms for H™
(figure 4(b)), collisional detachment by H, (v) ((R75)—-(R77))
dominates at low H, concentrations ([H,] < 100 ppm) and
(R73), H” + H — H; + e, becomes the main process at higher
H, concentrations.

From an application point of view, it is of interest
to unravel the mechanisms involved in the production of
atomic hydrogen H. The generation and loss mechanisms as
a function of the H, concentration are shown in figure 5(a)
and (b), respectively. At low hydrogen concentrations
([H2] < 10 ppm), the ion—neutral reactions (mainly (R94):

Generation Rate (m™s™)

013' p . .)’))Ti\-u .
10° 10" 10° 10° 10* 10°
H, concentration (ppm)
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—~ 107
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Figure 4. Processes contributing to (a) generation and (b) loss of
H™; - - - -: total rate; —#—: dissociative attachment of Hy; —dh—
dissociative attachment of H, (v = 1-3); —¥—: dissociative
attachment of H,(v”); —#: dissociative attachment of H,(R);

4 :H +H—> H) +e; i : collisional detachment by
H, (v = 1-3); > : recombination.

10°

H} + He — HeH' + H) dominate the generation processes
of H. At these low H; concentrations, Penning ionization is
very effective, leading to the generation of HY, which rapidly
reacts with helium atoms to release H. However, higher H
density can be obtained when the H, content is larger than
50 ppm (figure 2). Under these conditions, the main generation
mechanism of H is electron impact dissociation (R23), which
reaches a maximum rate at [Hy] ~2%. The decreasing rate
at higher H, concentrations is attributed to the decrease in
both electron density (see figure 1) and electron temperature
as more input power is coupled into vibrational excitation
of H, (section 3.3). Other generation processes, such as
electron—ion recombination, electron impact dissociation of
H,(v) and reactions between neutral species, have negligible
contribution. At low H, concentrations, Penning ionization
(R118) and (R121) leads to the loss of atomic H (figure 5(b))
but at higher concentrations three-body recombination
reactions (mainly (R128) and (R130)) dominate the
loss mechanism.
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ion—neutral reactions; \ 4 : 2H + He — H, + He; L :
2H + H, — 2H,; ‘ : Penning ionization.

For a H, concentration of ~2% that leads to the
maximum H production (figure 1), the production of H is
dominated by electron impact dissociation (R23):e+H, —
2H-+e and balanced by the loss via (R128):2H+He — H,+He.
Therefore, an increase in electron and gas temperature (rate
coefficient of (R128) is inversely proportional to the gas
temperature) would improve H production efficiency.

3.3. Power dissipation

Figure 6 shows the main power dissipation channels in He+H,
plasmas as a function of the H, concentration. For H;
concentrations below 2%, most of the power delivered to
the plasma is dissipated via elastic (momentum transfer)
collisions. This is due to the large collisionality encountered in
atmospheric-pressure plasmas and the relative efficient energy
transfer due to the low atomic weight of helium. Similar trends
have been reported in He+O, [14] and He+H,O [15] plasmas.

At high H, concentrations ([Hy] > 2%), however, the
main power dissipation channel switches to inelastic processes,
in particular to vibrational excitation of H,. It is noted that

10" 10* 10° 10* 10°
H, concentration (ppm)

0.0
10°

Normalized Power dissipation

Figure 6. Power dissipation as a function of H, concentration;

—B— elastic collisions; —#—: vibrational excitation of Hy; —¥—:
ion Joule heating; —#—: other inelastic collisions.

vibrational excitation in He+H, plasmas is much more efficient
than in admixtures of other molecular gases (e.g. He+O, [15])
due to the large cross-sections for vibrational excitation of
H, and the low energy of these states (0.516-1.46eV for
H, (v = 1-3)[38]). Asaresult, vibrational excitation becomes
the main power dissipation mechanism when [H,] > 2% and
therefore although vibrational excitation to Hy(v = 1-3) has
been neglected in some studies of low-pressure plasmas [7, 39],
this should be taken into account in atmospheric-pressure
discharges. In fact, the rapid drop in electron density observed
in figure 1 is a consequence of the increase in energy lost
into vibrational excitation and neglecting vibrational excitation
would result in a different electron density trend.

Power coupling into other inelastic collision processes
required to maintain the discharge, such as electronic
excitation, ionization and dissociation, is most efficient for
hydrogen concentrations around ~2% (figure 6), when ~24%
of the input power is coupled into them.

In addition to the power coupled into the electrons and
dissipated via elastic and inelastic collisions (figure 6), 3—
4% of the input power is directly coupled to the ions (see the
discussion accompanying equations (2) and (3)).

3.4. Main species and chemical reactions

The model used in this study incorporates a fairly large number
of species and reactions. While these can be easily handled by
a global model, it is of interest to identify a subset of reactions
that can capture the main physicochemical processes but with
reduced numerical demands. Such a reduced model could then
be used in computationally expensive models, such as multi-
dimensional fluid models and particle-in-cell simulations.
The criteria used to identify the main species and reactions
are the ones detailed in [15]. In brief, once the simulation has
reached a steady state, species with density larger than 5% of
the total positive ion density are deemed to be important, and
reactions with a contribution to particle balance of one key
species above 5% are deemed to be key chemical pathways.
In addition, some intermediate species that do not reach the
threshold density but contribute significantly to the particle
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R144: H,(v=3)+H,(v=1)— H,+ H.(v")
R145: H,(v=3)+H,(v=2) > H,(v=1)+H,(v")
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RUAS: Hy(v=3)+ H, (v=2) = H,(v=1)+ H,(v")

Figure 7. Main reactions for the generation/loss of H, (v).

balance of a more abundant species are also considered. For
example, H] has a very low density but it is an important
precursor of H} and therefore it is also included.

Applying the above criteria, two chemical sets are
proposed. One for He+H, plasmas with a low H;
concentration (RG1) and another one for plasmas with a high
H, concentration (RG2):

e Regime 1 (RG1): discharges containing 1-5000 ppm of
hydrogen. In this regime, plasma species originated
from helium are abundant and electron (ion) production
is mainly ascribed to Penning processes. The density
of hydrogen anions is very low in this regime and
the plasma is clearly electropositive. The input power
is mainly consumed by momentum transfer collisions
between electrons and background helium.

e Regime 2 (RG2): discharges containing 0.5-50% of
hydrogen. In this regime, the density of helium-
containing ions is negligible. Dissociative attachment
and collisional detachment processes are important and
vibrational excitation of H, molecules absorbs most of
the input power.

In total, 15 main species and 41 key reactions are identified for
regime RG1, whereas 14 main species and 29 key reactions
are proposed for regime RG2. These species and reactions
are identified in tables 1, and Al. It is noted that a further
reduction can be accomplished if different vibrational states
can be combined into an ‘effective’ vibrational state. This is
possible because, as indicated in figure 7, the population of
vibrational states does not interact significantly with the rest
of the discharge chemistry and electron impact excitation and
collisional quenching primarily control their balance.

4. Effect of power modulation on
plasma-induced species

The results discussed in previous sections assume that
the instantaneous input voltage (P(t)) varies according to
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Figure 8. Densities of plasma species for different input power
waveforms (40 W cm~—>); —#—: constant; —d—: absolute sinusoidal;
—#—: pulsed (duty cycle= 50%); —¥—: pulsed (duty cycle= 25%).

P(t) = 7 Paye|sin(wt)|. This is an approximation of the actual
time evolution of the instantaneous power delivered to the
discharge and therefore it is important to assess the dependence
of the results on this approximation. To this end, four
different input power waveforms with the same average input
power (40 Wcm™) have been simulated: constant power,
absolute value of a sinusoidal waveform, square pulse with
a 50% duty cycle and square pulse with a 25% duty cycle.
Figure 8 compares the phase-averaged density of various
plasma species. For the sake of clarity, the main plasma-
induced species (table 1) are grouped into six categories:
electrons, helium-containing ions (e.g. He*, He} and HeH"),
hydrogen ions (e.g. H*, Hj, H} and H™), helium metastables
(He* and He%), atomic hydrogen (H) and vibrational excited
hydrogen (H(v)).

As shown in figure 8, the densities of atomic H and H; (v)
are quite insensitive to the actual evolution of the input power
and this is true for species requiring low electron energies
for their formation. Differences, however, are found in the
average density of excited and charged species. The evolution
of the electron temperature during one cycle is shown in
figure 9 for each of the four input power waveforms. It
can be seen that the maximum electron temperature increases
from 7, ~ 2.5eV for the constant input power up to
3.25eV for the square pulse with 25% duty cycle. Due
to the non-linear dependence of excitation/ionization rate on
the electron temperature, the pulsed power with 25% duty
cycle is the most efficient in generating species that require
impact with high-energy electrons, such as helium metastables
(e = 19.8eV), hydrogen ions (g, = 15.4eV) and helium
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ions (¢, = 24.6eV). This also results in an enhancement
of electron generation via Penning processes (relaxation of
helium metastables) and electron impact ionization of He and
H,. No significant difference is observed in the density of
species that require a lower energy.

5. Conclusion

Low-temperature atmospheric-pressure He+H, plasmas have
been numerically studied by means of a global model over a
wide range of H; concentrations (1 ppm to 50%). The model
incorporates a large set of species and reactions (20 species
and 168 chemical reactions), which were identified after an
extensive literature review. Two reduced sets of reactions (one
for plasmas with a H, concentration below 0.5% and one for
plasmas with H, concentrations above 0.5%) are proposed to
minimize the computational demands of the chemistry model
while still capturing the main physicochemical processes.

It is found that the plasma density decreases rapidly
at higher hydrogen concentrations of [H;] > 0.2% due
to the increasing energy invested in vibrational excitation
of H, molecules. H~™ is identified as the main anion
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Figure 9. Evolution of electron temperature in an applied voltage
cycle; ——: constant; —#—: sinusoidal; —— pulsed (duty
cycle= 50%); —¥—: pulsed (duty cycle= 25%).

and its production mechanism differs from that in low-
pressure discharges. At atmospheric pressure, and due
to the large collisional relaxation of vibrationally excited
molecules and Rydberg states, dissociative attachment of
ground state hydrogen is found to be the main H™ production
mechanism. The density of H™ increases monotonically with
H; concentration although it remains smaller than the electron
density for the conditions studied here.

From an application point of view, it is of interest to
identify the conditions that lead to the largest production of
atomic H. It is found that this occurs when the hydrogen
density is ~2%. At lower H, concentrations there is less
hydrogen available in the gas whereas at higher concentrations
the increasing energy lost in vibrational excitation and the
increase in three-body recombination involving H, result in
a less efficient H production.

Due to the large collisionality of atmospheric-pressure
plasmas, the electron temperature is expected to be markedly
time-modulated. It is found that although the input power
waveform has a significant impact on the density of excited and
ionic species, species with low energy threshold for formation
such as hydrogen atoms and vibrational excited states of H,
are fairly insensitive to the actual waveform of the input power.
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Appendix

Chemical reactions included in the models are listed in
table Al.

Table A1l. Chemical reactions included in the models.

No Reaction® Rate coefficient® Note® Ref
(@) e+He > He+e f(T,) S [40]
(2) e+H, > Hy+e f(T) S2 [38]
3) e +He — He* +2e f(T.) S1 [40]
) e +He* — He" +2e f(T) S1 [40]
(5)  e+He} — Hel +2e 9.75 x 10710797 exp (—374) st [23]
(6) e+H — H' +2e f(T,) S [41]
7 e+H(n =2) —> H +2e f(T,) [41]
(8) e+Hn =3) > H" +2e f(T,) [41]
(9) e+H, > Hi+2e (T S [41]
(10) e+H, — H* +H+2e (T S2 [41]
(1) e+H — H+2e F(T) [41]
(12) e+Hy(v=1) - Hf +2e (T [45]
(13) e+H,(v=1) —» H* +H+2e (T [45]
(14)  e+Hy(v=2) — H} +2e (T [45]
(15) e+H,(v=2) » H* +H+2e (T [45]
(16) e+Hy(v=23) — Hf+2e (T [45]
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Table A1. Continued.

No Reaction® Rate coefficient” Note®  Ref
(17) e+Hy(v=3)— H*+H+2e f(T) [45]
(18) e+He — He*+e F(T) S1 [40]
(19) e+He* — He+e f(T) [40]°
(200 e+He; — 2He+e 3.8 x 107 [42]
(21) e+H>H@n=2) +e F(T) [41)
(22) e+H— H@n=23)+e F(T.) [41]
(23) e+H, — 2H+e F(T) S [41]
24) e+H, > H+Hn =2)+¢ f(T) [43]
(25) e+H, > H+H®n =3)+e F(T) [43]
26) e+H, > H,(v=1)+e f(T.) S [38]
27) e+H, > Hy(v=2)+e f(T,) S [38]
(28) e+H, > H,(v=3)+e F(T.) S [38]
(29) e+H, > H,(v") +e (T S2 [41,44]
(30) e+H, > Hy(R) +e f(T) [38]
3Bl e+Hy(v=1) — 2H+e F(T) [45]
(32) e+Hy(v=1) f(T) [45]
— H+Hn =2)+¢
(33) e+Hy(v=1) f(T) [45]
— H+Hm =3)+e
(34) e+H,(v=2)— 2H+e (T [45]
35 e+H,(v=2) f(T,) [45]
— H+Hn =2)+e
(36) e+H(v=2) F(TY) [45]
— H+H®m =3)+e
(37) e+H,(v=3)—> 2H+e F(T) [45]
(38) e+H,(v=23) F(T.) [45]
— H+Hn =2)+e
39) e+Hy(v=23) f(T) [45]
— H+Hn =3)+e
40) e+H,(v=1) - Hy(v=2)+e f(Ty) S1 [45]
“41) e+H,(v=1) > H(v=3)+e f(T,) [45]
“42) e+H,(v=2) > Hy(v=3)+e f(T,) [45]
“43) e+Hy(v=1) > H,(v') +e f(T,) S2 [45]
44) e+H,(v=2) > H,(v")+e f(T,) [45]
45) e+Hy(v=3) > Hy(v')+e f(T,) [45]
46) e+H,(v=1) - Hy(R)+e f(T,) d
@47) e+H,(v=2)—> Hy(R)+e f(T,) d
48) e+H;(v=3)— Hy(R)+e f(T) d
(49) e+H— H- 3.46 x 10716705
(50) e+H, —>H +H f(T) S2 [43]
51 e+H,(v=1) — H+H" F(T) [47]
(52) e+H,(v=2)—> H+H" f(T) [47]
(53) e+H,(v=3) > H+H" F(T) [47]
(54) e+H,(v) > H +H f(T) [41]
(55) e+H(R) > H+H™ 6 x 107° [48]
(56) e+He* — He* 6.76 x 107137703 [12]
(57) 2e+He" — He*+e 7.8 x 1073¥(T, / T,)~** 23]
(58) e+He'+M — He*+ M 7.4 x 1073%(T,/ T,)? [49]
(59) e+Hej; — He*+He 7.12 x 10_'5(Te/Tg)‘1'5 [50]
(60) 2e+He; — He*+He+e 2.8 x 1072 [42]
(61) 2e+Hel — Hej+e 1.2 x 10721 [42]
(62) e+Hei+M — He* +He+ M 3.5 x 1077 [42]
(63) e+Hei+M — He; + M 1.5 x 1077 [42]
(64) e+HeH* — H+He 1.1 x 10716 [46]
65) e+H*—H 2.62 x 10°87.703 [51]
(66) 2e+H" - e+H 8.8 x 10727743 [52]
(67) e+H; > H+H'+e 1.89 x 1077, exp (—%) [43]
(68) e+H; > H+H(n =3) 5.66 x 10757,70° [43]
(69) e+H; — 3H 4.15 x 10757,704 [41]
(70) e+H} — H(n = 2) +H,(v") 4.15 x 10787, [41]
(7)) e+H}+M —>H,+H+M 2.8 x 1073 S [53]
(72) e+H: — H*+2H+e 175 x 10T % exp (- 192) [41]
(73) H +H— H,+e 1.3 x 107 S2 [46]
(749 H +H —>2H+e 6 x 107'%(7,/300)*° [54]
(75 H +Hy(v=1) > H,+H+e 5.7 x 10712 [55,56]
(76) H +H,(v=2) > H,+H+e 6 x 190*“ [55,56]
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Table A1. Continued.

No Reaction® Rate coefficient® Note® Ref
(77) H +H,(v=3) > Hy+H+e 1.6x1071° (55, 56]
(78) H +He* - H+He+e 2% 10710 [57]
(799 H +He; > H+2He+e 2 x 10710 [57]
(80)  He' +2He — He} + He 1.4 x 10731(7,/300)~0 S1 [23]
(81) He*+H — H*+He 1.9 x 10715 [46]
(82) He* +H — HeH" 1.58 x 10715(7,/300) 3 [58]
(83) He*+H, — H"+H+He 3.7 x 10~ exp(—35/T,) [46]
(84)  He'+H, — Hf +He 72 % 10713 [46]
(85) He} +H — H* + 2He 3.5x 10710 S1 f
(86) He} + H, — Hj + 2He 3.5 x 10710 S1 [54]
(87)  He!+H, — HeH" + H + He 1.76 x 10-10 St [54]
(88)  HeH'+H — H: +He 9.1 x 101 S1 [46]
(89)  HeH'+H, — H: +He 1.5%x 107° S1 [46]
(90) H* + He — HeH" 8.4 x 107(T,/300)~*3 [59]
91) H* +2H, — H} + H, 3.1 x 107%(1,/300) 703 S2 [54]
(92)  H*+H,+He — Hf + He 1.5% 1072 S [60]
(93) H"+H+M — H} + M 1 x 1073 [61]
(94)  Hi+He — HeH" +H 1.3 x 10710 S1 [46]
(95) H:+H— H*+H, 6.39 x 10710 [52]
(96) Hi+H, > Hi{+H 2.1 % 107° s2 [54]
(97)  H!+He* — H, + H* + He 1 x 10710 [57]
(98)  Hi+He, — H, +H*+2He 1x 10710 [57]
(99) H- +He* — H+He 2.3 x 1077(7,/300)7%> [46]
(100) H~ +He} — H+2He 2 x 1077(T,/300)~0% [28]
(101) H~ +HeH' — H, + He 1 x 1077 [28]
(102) H +H* > Hn=2)+H 9 x 107'1(T,/300)"53 [49]
(103) H +H*— Hmn =3)+H 1.8 x 1077(T,/300)7%3 [49]
(104 H +H; - H+H, 2 x 1077(T,/300)7%3 [54]
(105) H™ +Hj — 2H, 2 x 1077(T,/300)7%3 [54]
(106) H +He*+M — H+He+M 2 x 10725(T,/300)~% [28]
(107) H- +Hej+M — H+2He+ M 2 x 10725(T,/300) > [28]
(108) H +H'+M — 2H+ M 2 x 1073(T, /300)~25 [28]
(109) H +H{+M —> H+H,+ M 2 x 1073(T, /300)~23 [28]
(110) H +HI+M > 2H+H,+ M 2 x 10725(T,/300)~25 ) [28]
(111) H +HeH'+M 2 x 107%(7T,/300)~%> [28]
—2H+He+ M

(112) 2He" — Hej +¢ 2.03 x 107°(T,/300)"3 S1 [23]
(113) 2He* — He*+He+e 8.7 x 10719(7,/300)°3 S1 [23]
(114)  He* +He} — He" +2He +e 5% 10710 Sl [42]
(115) He*+He} — Hel +He +e 2% 1070 Sl [42]
(116) 2He; — He* +3He +¢ 3 x 10710 S1 [42]
(117)  2He} — He} +2He +e¢ 1.2 x 10°° S1 [42]
(118) He*+H — H*+He+e 1.1x10°° S1 [44]
(119) He*+H, > Hi +He+e 2.9 % 1071 S1 (62, 63]
(1200 He*+H, - H+HeH" +e 3 x 10712 S1 [62,63]
(121) He}+H — 2He +H* +e 2.2 x 10710 S1 f
(122) Hel+H, > Hi +2He +e 2.2 % 10710 S1 [64]
(123) H(m=2)+H, > Hf +e 1.4 x 10711(7,/300)° [65]
(124) H(n=3)+H, > H! +e 4.83 x 1071°(7,/300)"3 [54]
(125) He* +He — 2He 58 x 1071 S1 [66]
(126) He* +2He — He} + He 2 x 1073 S1 [50]
(127) 2H — H, 6.04 x 10-3(T,/298)~"! [67]
(128) 2H+He — He + H, 5.8 x 10-33(T,/300) " S [68]
(129) 3H — H+H, 6 x 1073 (T,/300)"" [52]
(130) 2H+H, — 2H, 8.1 x 10_33(Tg/300)_0'6 S2 [68]
(131) Hel+M — 2He+ M 1.5 x 1075 S1 [50]
(132) H(n=2)+He — H+He 2.7 x 10713 [69]
(133) Hmn=2)+H, > H+H, 2.1 x 1071 [52]
(134) H(n =3)+He — H+He 1 x 107! [70]
(135) H(m=3)+H, »> H+H, 2% 107° [70]
(136) Hy(v = 1) +H, — 2H, 1 x 10719(7,/300)*3 [71]
(137)  H,(v=2)+H, 2.2 % 10716 [72]

— H2+H2(U = 1)

10
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Table A1. Continued.

No Reaction® Rate coefficient® Note® Ref

(138) H(v=3)+H, 4.9 x 10716 [72]
— H, +Hy(v = 2)

(139) H,v")+H, > H, +H,(v =3) 1.07 x 1079 [72]8

(140) H(v=1+H(v=1) 7.6 x 1071 S [73]
— H, + HQ(U =2)

(141) H,(v=2)+H,(v=1) 1.1 x 10712 S [73]
H,+H,(v = 3)

(142) Hy(v=2)+H,(v =2) 2.28 x 10712 S2 [72]
— Hy(v=1)+H;(v =3)

(143) H,(v=3)+H,(v=1) 8.1 x 10713 S2 [73]
— H,(v=2)+H,(v =2)

(144) Hy(v=3)+H,(v=1) 8.4 x 1071 S2 [72]
—> H2 + H2(UN)

(145) Hr(v=3)+H,(v =2) 2.9 x 10712 S2 [72]
— Hz(v = 1) + HQ(UN)

(146) H(v=3)+H,(v=3) 4.56 x 10712 [72]
— Hy(v =2) + H,(v")

(147) Hy(v=1)+H,(v") 4.7 x 10713 [72]8
— H2(v = 2) +H2(U = 3)

(148) Hy(v=2)+ H,(v") 1.6 x 10712 [72]8
— Hz(U = 3) + Hz(v = 3)

(1499) H,(v=1)+H— H+H, 42 x 107 [74]

(150) H(v=2)+H— H+H, 59 x 1071 [74]

(151) Hy,(v=2)+H—->H+H,(v=1) 3x1071 [74]

(152) H(v=3)+H—> H+H, 1.5 x 10712 [74]

(153) H,(v=3)+H—>H+H,(v=1) 1.6x10°"? [74]

(154) H,(v=3)+H—>H+H,(v=2) 2x10°"2 [74]

(155) H,(v)+H —> H+H, 43 x 10712 [74]8

(156 H,v)+H—->H+H,(v=1) 42 x 10712 [74]8

(157) H,v)+H —> H+H,(v=2) 49 x 10712 [74]8

(158) H,(v)+H —> H+H,(v =3) 5.5 x 10712 [74]8

(159) H(v=1)+He — H, +He 2 x 10’17(Tg/300)2'9 S [75]

(160) H,(v =2)+He — H, + He 1.05 x 10"6(Tg/300)3 S [75]

(161) H,(v =3)+He — H, + He 3.9 x 10‘16(Tg/300)3'3 S [75]

(162) H,(w") +He — H, + He 1.1 x 10‘15(Tg/300)3'7 S2 [75]

(163) H,(R)+H, - H, +2H 1.88 x 10~° [36,76]

(164) H,(R) +He — 2H + He 8 x 10710 [77]

(165) Hn =2) > H+hv 4.7 x 108s7! [63]

(166) Hmn =3) - H+hv 5.57 x 107 s7! [63]

(167) Hmn=3) - Hmn =2)+hv 441 x 107s7! [63]

(168) H,>(R) —> H, + hv 1 x10%s7! [37]

2 He* represents He(2°S) and He(2'S); He} represents Hey (a > =7); Ha (V") represents Ha(v > 4); Ho(R)

represents Rydberg states of Hy; M represents the background gases helium and hydrogen.

b Rate coefficients have units of cm? s~! for two-body reactions and cm® s~! for three-body reactions; 7,
has units eV; T, has units K. f(7.) indicates that the rate coefficient is obtained using the cross-section

from the indicated reference.
¢ S represents the main reaction in the whole range of hydrogen concentrations. S1: main reactions in
RG1; S2: main reactions in RG2; S3: main reactions in RG3.
4 Cross-section estimated by shifting the ground state cross-section of H, by the excitation threshold.
¢ Superelastic cross-section calculated using detailed balance.
 Estimated same as H,.
¢ Using the rate coefficient of H (v = 4) for H,(v").
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