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Computer simulations have been performed to describe the effect of small admixtures of hydrogen to

an argon glow discharge in the Grimm-type configuration. The two-dimensional density profiles of the

various plasma species (i.e., electrons, Ar+, ArH+, H+, H2
+ and H3

+ ions, H atoms and H2 molecules, Ar

metastable atoms and sputtered Cu atoms) are presented for 1% H2 added to the argon glow discharge,

and the effect of different H2 additions (varying between 0.1 and 10%) on the species densities, the

hydrogen dissociation degree, and the sputtering process, are investigated. Finally, the relative

contributions of various production and loss processes for the different plasma species are calculated.
1. Introduction

In the last decade, there has been increasing interest in the effects

of small admixtures of hydrogen to argon glow discharges used

for mass spectrometry and optical emission spectrometry.1–19

Hydrogen Balmer lines have been investigated in Ar–H2 mixtures

in a Grimm-type glow discharge by Konjevic and coworkers1–3 to

obtain information on reactions in the plasma,1 on the electron

density2 and on the electric field distribution.3 Mason et al.4,5

have studied the effect of H2 on the ion intensities in a fast

flowing glow discharge, with gas mixing close to the ion exit in

order not to disturb the discharge. Furthermore, it appears that

the relative sensitivity factors (RSFs) of different elements in

glow discharge mass spectrometry (GDMS) are influenced by the

addition of H2.
6,7 Indeed, a better correlation could be obtained

between measured RSFs and values predicted by a simple

empirical equilibrium model.6,7 The Oviedo group has also

published several papers on the effects of H2 on the ion signals in

GDMS, the sputtering rates and crater shapes8–11 and on optical

emission intensities in glow discharge optical emission spec-

trometry (GD-OES).12,13 Hodoroaba et al. have thoroughly

investigated the H2 effect on optical emission intensities, and they

observed that some optical emission line intensities increase while

others decrease upon H2 addition.
14–16 Weiss17 reported that all

Zn line intensities increase upon H2 addition, but the effect is

more significant for some lines than for others. This has impor-

tant implications for the analysis of samples, where hydrogen is

a major component of the sample, such as polymer coatings.

Moreover, there are always some traces of hydrogen present in

the glow discharge, arising from residual moisture in the source

and on the sample surface, gaseous hydrocarbons coming from

oil-pumps, leakage of water vapor through porous samples, etc.

Therefore, it is clear that a thorough understanding of the role of

hydrogen in argon glow discharges is highly important, so that

corrections of the hydrogen effect can be accounted for in

quantification algorithms, especially for the analysis of complex

samples and thin films containing hydrogen. In ref. 18, Hodor-

oaba et al. have shown how the effect of H2 can be exploited in
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order to obtain better analytical figures of merit in GD-OES.

Improvements in detection limits and in depth resolution for

selected cases were reported. Recently, Steers et al.19 have

demonstrated that asymmetric charge transfer involving

hydrogen ions is a very important selective excitation mechanism

for spectral lines with a total excitation energy close to 13.6 eV.

The magnitude of the effect varies for different elements and

spectral lines. It is clear that great care should be taken before

choosing ionic lines with a total excitation energy between 12.5–

14 eV for analytical use.19

In previous work,20 we have developed a comprehensive

modeling network, describing the behavior of argon–hydrogen

glow discharges. Up to now, the model was applied to the so-

called VG9000 glow discharge source,20,21 or to a simple cylin-

drical cell,22 operating at relatively low gas pressure (75 and 133

Pa, respectively) and discharge current (1–2 and 5 mA, respec-

tively). However, for applications of GD-OES, a Grimm-type

source is most often used, which operates at much higher pres-

sure and current (typically 400–1200 Pa and 10–50 mA). There-

fore, our calculation results obtained for these low pressures and

currents20–22 are not necessarily valid for the typical conditions of

GD-OES. For this reason, we have now applied our model to

typical Grimm-type conditions, in order to investigate the effect

of small admixtures of hydrogen on the argon discharge

behavior, under conditions typically applied for GD-OES.
2. Description of the model

As the modeling network was developed earlier, and explained in

detail in previous papers,20–22 we will present here only a brief

overview of the different plasma species included in the model,

and the various chemical reactions they undergo. Table 1

summarizes the species taken into account in the modeling

network, as well as the different submodels used to describe their

behavior. The electrons are split up in a fast and a slow group,

and the subdivision is defined based on the threshold for inelastic

collisions. The fast electron trajectories and collisions are treated

in a Monte Carlo model. The behavior of the slow electrons is

described in a fluid model (i.e., by solving a continuity equation

based on different production and loss terms, as well as a trans-

port equation based on diffusion and migration). This fluid
This journal is ª The Royal Society of Chemistry 2008
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Table 1 Overview of the species taken into account in the modeling
network, and the models used to describe their behavior

Plasma species Model
Argon gas atoms no model
Fast electrons Monte Carlo model
Slow electrons Fluid model
Ar+ ions Fluid model

Monte Carlo model in the CDS
ArH+ ions Fluid model

Monte Carlo model in the CDS
H+ ions Fluid model

Monte Carlo model in the CDS
H2

+ ions Fluid model
Monte Carlo model in the CDS

H3
+ ions Fluid model

Monte Carlo model in the CDS
Fast Ar0 atoms Monte Carlo model in the CDS
H atoms Fluid model
H2 molecules Fluid model
Ar metastable atoms (Arm*) Fluid model
Cu0 sputtering Empirical formula
Cu0 atoms: thermalization Monte Carlo model
Thermal Cu0 atoms Fluid model
model treats also the various ions (Ar+, ArH+, H+, H2
+ and H3

+)

with similar equations, and finally it includes the Poisson equa-

tion, to obtain a self-consistent electric field distribution. More-

over, the trajectories and collisions of the various ions are also

calculated in Monte Carlo models, in the cathode dark space

(CDS) region in front of the cathode. Indeed, in this region

a strong electric field is present, which accelerates the ions

towards the cathode. Likewise, a similar Monte Carlo model is

applied for the fast Ar atoms in this region, as they contribute to

sputtering and to ionization and excitation of the Ar gas atoms.

The behavior of the H2 molecules and H atoms is described again

with a fluid model, containing continuity (or balance) equations

with different production and loss terms and transport equations

based on diffusion. A similar fluid model is also applied to the Ar

metastable atoms (denoted here as Arm*) and the sputtered

(thermal) Cu atoms. Before applying this fluid model, the sput-

tered Cu atoms first need to become thermalized, a situation

which is treated with a Monte Carlo model. The sputtering flux

itself is obtained based on the calculated flux energy distributions

of the various ions and the fast Ar atoms bombarding the

cathode, in combination with an empirical formula for the

sputtering yield as a function of bombarding energy.23 All these

models are coupled to each other and solved iteratively until

convergence is reached, as explained in detail in ref. 20, to obtain

an overall picture of the glow discharge plasma.

The collisions and chemical reactions of the various species

taken into account in this model are listed in Table 2. Note that

the collision rates, as calculated in the various Monte Carlo

models, serve also as production and loss terms in the fluid

models. Again, full details of all these reactions, their cross

sections or rate coefficients, and the references where the data

were taken from, can be found in ref 20. Here we should point

out only one difference with respect to our previous model, i.e.,

for the rate coefficient of ArH+–electron dissociative recombi-

nation. In our previous model, we assumed a value of k ¼ 10�7

cm3 s�1, based on ref. 24. Indeed, this value is typical for disso-

ciative recombination of many diatomic molecular ions.
This journal is ª The Royal Society of Chemistry 2008
However, it was pointed out in a more recent paper25 that ArH+

is one of the rare molecular ions that does not exhibit a higher

recombination rate at low electron energies. A rate coefficient

was measured by means of storage ring experiments in the order

of 10�10 cm3 s�1 at low electron energies, and varying between

10�9 and 10�8 cm3 s�1 for energies between 2.5 and 35 eV.25

Hence, instead of the earlier value of k ¼ 10�7 cm3 s�1 as applied

in our previous model, we assume now a value of k ¼ 5 � 10�10

cm3 s�1 for electron–ion dissociative recombination of ArH+ ions.

A more accurate, e.g. energy-dependent, value for this rate

coefficient is not necessary, as this process turns out not to be of

major importance in the discharge (see section 3.2 below).

Besides the collisions in the plasma, also processes occurring at

the cathode and the anode cell walls are taken into account in the

calculations, such as sputtering (see above), secondary electron

emission, and sticking or reflection of the various plasma species.

For the ions, it is assumed that they become neutralized at the cell

walls (after having given rise to secondary electron emission and

sputtering) and either adsorb or return to the plasma as neutrals.

The Arm* metastable atoms are assumed to become de-excited at

the walls. The electrons can become absorbed, cause secondary

electron emission or become (elastically or inelastically) reflected.

The sputtered Cu atoms are assumed to be deposited or reflected

at the anode and cathode, based on a sticking coefficient of 0.5.

Finally, for the H atoms, a fraction of them will recombine at the

walls into H2 molecules. This recombination coefficient is found

to be in the order of 0.1–0.25 for most metal surfaces.26 We

assumed a recombination coefficient of 0.1, as in our previous

calculations (see ref. 20 for more explanations).

Calculations are performed for typical operating conditions of

a Grimm-type glow discharge, i.e., 800 V discharge voltage,

about 30 mA electrical current, and 850 Pa argon gas pressure,

with H2 admixtures ranging from 0.1 till 10%. Note that the

argon gas is considered stationary at a constant temperature.

Hence, no gas heating or gas flow is taken into account in these

calculations. Indeed, this makes the model setup much more

complicated, and it is not so essential to understand the plasma

chemistry in the Ar–H2 gas mixture.
3. Results and discussion

3.1. Number densities of the plasma species

Fig. 1 presents the two-dimensional (2D) number density profiles

of the electrons and the various ions, in the case of 1% H2 added

to the Ar gas. Note that the cathode is found at the left border of

the figures, whereas the upper and lower figure borders represent

the anode (source) walls. The discharge extends after 1 cm length,

but as most densities become negligible for longer distances from

the cathode, we show only the first cm. It is clear that the

densities of electrons and ions reach a maximum around 0.5 mm

from the cathode, which corresponds to the beginning of the

negative glow (NG) region. The electron density is virtually zero

in the CDS, whereas the ions reach low but constant values in

this region, resulting in a positive space charge, which gives rise

to the strong electric field that is so characteristic for the CDS. In

the remaining part of the discharge, the electron density is equal

to the sum of the positive ion densities, to ensure charge

neutrality. The Ar+ ions exhibit clearly the highest density of all
J. Anal. At. Spectrom., 2008, 23, 1476–1486 | 1477



Table 2 Reactions taken into account in the model, for the various plasma speciesa

Electron reactions
1 e� + Ar / e� + Ar Elastic scattering
2 e� + Ar / e� + Ar+ + e� Ionization
3 e� + Ar / e� + Ar* (incl. Arm

*) Total excitation (incl. to the Arm* levels)
4 e� + Arm* / e� + Ar+ + e� Ionization from the Arm* levels
5 e� + Arm* / e� + Ar* Total excitation from the Arm* levels
6 e� + Arm* / e� + Arr* Electron quenching of the Arm* levels
7 e� + H2 / e� + H2 Elastic scattering
8 e� + H2 / e� + H2* (v) Total vibrational excitation
9 e� + H2 / e� + H2* (s) Total electron excitation to singlet states
10 e� + H2 / e� + H2* (t) / e� + H + H Total electron excitation to triplet states,

followed by dissociation
11 e� + H2 / e� + H2

+ + e� Ionization
12 e� + H2 / e� + H+ + H + e� Dissociative ionization
13 e� + H / e� + H* Total excitation
14 e� + H / e� + H+ + e� Ionization
15 e� + Cu / e� + Cu+ + e� Ionization
16 e� + ArH+ / Ar + H Recombination
17 e� + H2

+ / H + H Recombination
18 e� + H3

+ / H + H + H or H2 + H Recombination
Reactions of Ar+ ions
19 Ar+ + Ar / Ar+ + fast Ar Elastic scattering, incl. symmetric charge

transfer
20 Ar+ + Ar / Ar+ + Ar+ + e� Ionization
21 Ar+ + Ar / Ar+ + Arm* Excitation to the Arm* levels
22 Ar+ + H2 / ArH+ + H H-atom transfer
23 Ar+ + H2 / fast Ar + H2

+ Asymmetric charge transfer
Reactions of ArH+ ions
24 ArH+ + Ar / ArH+ + fast Ar Elastic scattering
25 ArH+ + Ar / fast Ar + H+ + Ar Collision-induced dissociation
26 ArH+ + Ar / fast Ar+ + H + Ar Collision-induced dissociation
27 ArH+ + H2 / ArH+ + fast H2 Elastic scattering
28 ArH+ + H2 / fast Ar + H3

+ Proton transfer
29 ArH+ (at walls) / 0.6 H Reflection (+ neutralization/dissociation)
16 e� + ArH+ / Ar + H Recombination
Reactions of H+ ions
30 H+ + Ar / H+ + fast Ar Elastic scattering
31 H+ + Ar / fast H + Ar+ Asymmetric charge transfer
32 H+ + H / fast H + H+ Symmetric charge transfer
33 H+ + H2 / H+ + H2* Total vibrational excitation
34 H+ + H2 / H+ + fast H2 Elastic scattering
35 H+ + H2 / fast H + H2

+ Asymmetric charge transfer
36 H+ (at walls) / 0.6 H Reflection (+ neutralization)
Reactions of H2

+ ions
37 H2

+ + Ar / H + ArH+ Proton transfer
38 H2

+ + Ar / fast H2 + Ar+ Asymmetric charge transfer
39 H2

+ + H2 / H + H3
+ Proton transfer

40 H2
+ + H2 / fast H2 + H2

+ Symmetric charge transfer
41 H2

+ (at walls) / 1.2 H Reflection (+ neutralization/dissociation)
17 e� + H2

+ / H + H Recombination
Reactions of H3

+ ions
42 H3

+ + Ar / H3
+ + fast Ar Elastic scattering

43 H3
+ + Ar / fast H2 + slow ArH+ Proton transfer

44 H3
+ + Ar / fast H2 + fast H + slow Ar+ Charge transfer + dissociation

45 H3
+ + Ar / fast H+ + fast H2 + slow Ar Collision-induced dissociation

46 H3
+ + Ar / fast H2

+ + fast H + slow Ar Collision-induced dissociation
47 H3

+ + H2 / H3
+ + fast H2 Elastic scattering

48 H3
+ + H2 / fast H2 + slow H3

+ Proton transfer
49 H3

+ + H2 / fast H2 + slow H2 + slow H+ Proton transfer + dissociation
50 H3

+ + H2 / fast H2 + slow H + slow H2
+ Proton transfer + dissociation

51 H3
+ + H2 / fast H2 + fast H + slow H2

+ Charge transfer + dissociation
52 H3

+ + H2 / fast H2
+ + fast H + slow H2 Collision-induced dissociation

53 H3
+ + H2 / fast H+ + fast H2 + slow H2 Collision-induced dissociation

54 H3
+ + H2 / fast H+ + 2 fast H + slow H2 Collision-induced dissociation

55 H3
+ (at walls) / 1.8 H Reflection (+ neutralization/dissociation)

18 e� + H3
+ / H + H + H or H2 + H Recombination

Reactions of fast Ar atoms
56 fast Ar + slow Ar / fast Ar + fast Ar Elastic scattering
57 fast Ar + slow Ar / fast Ar + Ar+ + e� Ionization
58 fast Ar + slow Ar / fast Ar + Arm* Excitation to the Arm* levels

1478 | J. Anal. At. Spectrom., 2008, 23, 1476–1486 This journal is ª The Royal Society of Chemistry 2008



Table 2 (Contd. )

Reactions of Arm* metastable atoms
4 Arm* + e� / Ar+ + 2 e� Electron impact ionization
5 Arm* + e� / Ar* + e� Electron impact excitation
6 Arm* + e� / Arr* + e� Electron quenching (transfer to a nearby

radiative level, which will decay to the
ground state)

59 Arm* + Arm* / Ar0 + Ar+ + e� Metastable-metastable collision
60 Arm* + Cu0 / Ar0 + Cu+ + e� Penning ionization of Cu
61 Arm* + Ar0 / Ar0 + Ar0 Two-body collision
62 Arm* + 2 Ar0 / Ar2* + Ar0 Three-body collision
63 Arm* + H2 / Ar + H + H Quenching by dissociation of H2

64 Arm* + H / Ar + H* Excitation of H
65 Arm* (at walls) / Ar De-excitation at walls

a Note that reactions 4–6 and reactions 16–18 occur twice in the table, because they apply to two types of reactive species, i.e., electrons and Arm*
metastables, or electrons and ions. The reactions involving H2 molecules, H atoms and sputtered Cu atoms are not separately listed anymore, as
they occur always with another reactive species, and are hence already included in the table. The only exception is: (66) recombination at the walls
(H + H(walls) / H2), with an assumed recombination factor of g ¼ 0.1.

Fig. 1 Calculated two-dimensional density profiles of the electrons (a), Ar+ (b), ArH+ (c), H+ (d), H2
+ (e) and H3

+ (f) ions, in a Grimm-type source,

operating at 800 V, 30 mA, 850 Pa Ar pressure with 1% H2 addition.
positive ions. The densities of the ArH+ and H3
+ ions are about

one and two orders of magnitude lower, respectively, whereas the

H+ and H2
+ ions have still lower densities, and can be considered

negligible.

These results are, at least qualitatively, consistent with findings

in the literature. Indeed, it is reported for pure hydrogen

discharges26,27 that H+ and H2
+ ions react rapidly in low-field

regions with H2 molecules to form H3
+ ions, which do not

fragment again, until they move into higher field regions. H3
+

ions are therefore the dominant hydrogen ions in low-field

hydrogen plasmas.27,28 This was also reported in GDMS, where

a strong peak was observed in the mass spectrum at m/z ¼ 3,
This journal is ª The Royal Society of Chemistry 2008
corresponding to H3
+ ions.8 Likewise, the ArH+ ion intensities in

the mass spectrum can sometimes be found of the same magni-

tude or even higher than the Ar+ ion intensity, when small

amounts of H2 (or H2O) are added to the argon glow

discharge.6,29

The effect of different H2 additions on the electron and various

ion number densities (at the maximum of their profiles) is illus-

trated in Fig. 2. The Ar+ ion density decreases upon H2 addition,

whereas the other ion densities increase, as expected. Indeed, the

Ar+ ions are transferred into the other (hydrogen-related) ions,

mainly by H-atom transfer (reaction (22) of Table 2). This gives

rise to the formation of ArH+ ions, which on their turn give rise
J. Anal. At. Spectrom., 2008, 23, 1476–1486 | 1479



Fig. 2 Densities of electrons and the various ions, calculated at the

maximum of their profiles, as a function of H2 addition to the Ar gas, for

the same conditions as in Fig. 1.
to H3
+ ions by proton-transfer with H2 (reaction (28) of Table 2).

The H+ and H2
+ ions are also created from ArH+, H3

+ and Ar+

ions, but to a lower extent (see further details below in section

3.2). It should be noticed that in our previous simulations, the

ArH+, H+, H2
+ and H3

+ ions exhibited a maximum density at

a certain H2 concentration, whereafter the densities dropped

again, because of increasing importance of certain loss mecha-

nisms compared to production mechanisms.21 The fact that our

current simulations for the Grimm-type source do not predict

this behavior, illustrates that the hydrogen effect is clearly
Fig. 3 Calculated two-dimensional density profiles of the H2 molecules (a), H

same conditions as in Fig. 1.
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dependent on the discharge conditions (mainly the source pres-

sure). It is also worthwhile to notice that the calculations do not

predict a strong drop in the Ar+ ion density between 0.1 and 1%

H2 addition. This is somewhat in contrast to the experimental

data, where excitation of some species is strongly affected at

hydrogen concentrations as low as 0.3%. For example, Hodor-

oaba et al. have observed that the Cu II line at 224.7 nm, which is

excited by charge transfer with Ar+ metastable ions, drops in

intensity by a factor of ca. 5 in Ar–0.3% H2, relatively to a pure

Ar discharge.14

Because of the decreasing trend of Ar+ ion densities and the

corresponding rise in the other ion densities, the electron density

remains more or less constant, as appears from Fig. 2(a).

Consequently, the electrical current, which is carried by the

electrons and all positive ions, was also calculated to remain

more or less constant around 30 mA. This result is clearly

different from our previous results,21 where a drop in electron

densities and electrical current was predicted. The reason is

probably due to the lower rate coefficient for ArH+–electron

dissociative recombination, compared to our previous model (see

section 2 above). Indeed, previously, Ar+ ions were transferred

into ArH+ ions, which could then be neutralized by recombina-

tion with electrons, resulting in a lower degree of ionization at

higher H2 concentrations. In the present model, this recombi-

nation becomes almost negligible, so that the electron density

and the electrical current remain more or less constant.

The 2D number density profiles of the neutral plasma species,

i.e., H2 molecules, H atoms, Arm* metastable atoms and sput-

tered Cu atoms, are presented in Fig. 3. The H2 number density is

in the order of 1.5–2 � 1015 cm�3, which corresponds indeed to

a fraction of 1% of the total Ar density, at a gas pressure of 850

Pa. However, the density is slightly depleted near the cathode, as

a result of dissociation (mainly upon collisions with Arm
* atoms,

but also by electron impact dissociative excitation, see below in

section 3.2). Consequently, the H atoms exhibit a maximum

density at about 1 mm from the cathode. It should be noticed

that the maximum H atom density is only about one order of

magnitude lower than the H2 density, but because it drops more
atoms (b), sputtered Cu atoms (c) and Arm* metastable atoms (d), for the

This journal is ª The Royal Society of Chemistry 2008



Fig. 5 Calculated dissociation degree of H2 molecules as a function of

H2 addition to the Ar gas, for the same conditions as in Fig. 1.

Fig. 6 Arm* metastable density, calculated at the maximum of its

profile, as a function of H2 addition to the Ar gas, for the same conditions

as in Fig. 1.
rapidly as a function of distance from the cathode, the overall

density is about two orders of magnitude lower, resulting in

a dissociation degree calculated to be 1.5% at the present

conditions. This value is significantly higher than the dissociation

degree calculated for typical VG9000 GDMS conditions (i.e., in

the order of 0.01–0.05%).21 The reason is that the Grimm source

operates at much higher pressure (i.e., 850 Pa in the present

study, versus about 50–100 Pa for VG9000 conditions), which

results in a drastic increase in the number of collisions, giving rise

to dissociation of the H2 gas.

For comparison, the sputtered Cu atom and Arm* metastable

atom densities are also presented in Fig. 3. It appears that the H

atoms are characterized by more or less the same density as the

sputtered Cu atoms, at least at the maximum of their profiles.

However, the Cu atom density drops more rapidly as a function

of distance from the cathode in comparison to the H atom

density. Hence, overall the H atom density in the discharge is

higher than the sputtered Cu atom density. The Arm* atoms have

a much lower density than the H atoms and sputtered Cu atoms.

It is more comparable to the electron density, but it reaches

a pronounced maximum only in front of the cathode, as a result

of fast Ar+ ion and Ar0 atom impact excitation (see below in

section 3.2).

In Fig. 4, the densities of H2 molecules and H atoms, at the

maximum of their profiles, are plotted as a function of the H2

addition. It appears that both rise more or less to the same extent:

the H2 molecule density increases of course linearly with rising

H2 addition, whereas the H atom density rises only slightly less

than linearly. Indeed, the dissociation degree of H2 is calculated

to be in the order of 1–2%, decreasing slightly with higher H2

concentrations, as is depicted in Fig. 5. Note that the dissociation

degree shown in Fig. 5 is not obtained simply by dividing the

maximum H density by the maximum H2 density, but rather by

dividing the densities, integrated over the whole discharge region,

as this gives a more realistic picture of the overall amount of

dissociation. It should be noticed that this calculated dissociation

degree of 1–2% is clearly different from our calculation results

obtained previously for the VG9000 GDMS conditions, where

the dissociation degree was much lower, i.e., in the order of only

0.01–0.05%, and clearly decreasing with H2 concentration. The

reason was already pointed out above: the Grimm-type source
Fig. 4 Densities of H2 molecules (solid lines, * symbols, left axis) and H

atoms (dashed lines, � symbols, right axis), calculated at the maximum of

their profiles, as a function of H2 addition to the Ar gas, for the same

conditions as in Fig. 1.

This journal is ª The Royal Society of Chemistry 2008
operates at much higher pressures, where collisions are more

important, including dissociation of the H2 molecules.

Fig. 6 illustrates that the calculated Arm* density is more or

less constant until 1% H2 addition, but then drops dramatically

for higher H2 concentrations. This is attributed to quenching of

the Arm* metastable level upon collisions with H2 molecules,

a loss process which becomes predominant at H2 concentrations

above 1% (see below in section 3.2).

The sputtered Cu atom density, at the maximum of its profile,

is plotted against H2 concentration in Fig. 7. It is more or less

constant, with a small dip around 1–2% H2 addition. This is

attributed to the sputtering rate, which exhibits the same

behavior, as can be observed from Fig. 8. The reason for this

behavior is as follows. The sputtering is caused by the fluxes of

the various ions and the fast Ar atoms bombarding the cathode.

The ion fluxes increase or decrease in the same way as the cor-

responding densities, i.e., the Ar+ ion flux decreases, whereas the

fluxes of ArH+, H+, H2
+ and H3

+ ions increase upon H2 addition.

Consequently, at low H2 concentrations, the Ar+ ions, together

with the fast Ar0 atoms, are the dominant sputtering species, as is

clear from Fig. 9. However, the role of ArH+ ions rises for higher

H2 concentrations, whereas the contribution of Ar+ ions

decreases. These two opposite effects result in a nearly constant

sputtering rate, with a small dip at H2 concentrations of about 1–

2%. Note that the H+, H2
+ and H3

+ ions play a negligible role in

the sputtering process, due to the large mass difference.
J. Anal. At. Spectrom., 2008, 23, 1476–1486 | 1481



Fig. 8 Calculated sputtering rate as a function of H2 addition to the Ar

gas, for the same conditions as in Fig. 1.

Fig. 10 Calculated relative contributions of Penning ionization (PI),

asymmetric charge transfer (CT) and electron impact ionization (EI) to

the ionization of the sputtered Cu atoms, as a function of H2 addition to

the Ar gas, for the same conditions as in Fig. 1.

Fig. 7 Sputtered Cu atom density, calculated at the maximum of its

profile, as a function of H2 addition to the Ar gas, for the same conditions

as in Fig. 1.

Fig. 9 Calculated relative contributions of Ar+ ions, fast Ar0 atoms and

ArH+ ions to the sputtering process, as a function of H2 addition to the

Ar gas, for the same conditions as in Fig. 1.
Finally, the relative contributions of electron impact ioniza-

tion (EI), Penning ionization (PI) and asymmetric charge trans-

fer (CT) to the ionization of the sputtered Cu atoms are plotted in

Fig. 10. It is found that PI is the dominant ionization mechanism

for H2 concentrations up till 1–2%. CT is found to be of

secondary importance, closely followed by EI. However, for H2

concentrations above 2%, the relative contribution of PI
1482 | J. Anal. At. Spectrom., 2008, 23, 1476–1486
decreases, because of the significant drop in Arm* metastable

density (cf. Fig. 6 above). Electron impact ionization, on the

other hand, rises above H2 concentrations of 2%, and is even of

major importance for the H2 concentration of 10%, as appears

from Fig. 10. Note, however, that these relative contributions are

only approximate values, since the rate coefficients of Penning

ionization and asymmetric charge transfer are subject to

considerable uncertainties. Nevertheless, the trend of increasing

relative importance of electron impact ionization is expected to

be correctly predicted.

This result might explain the observations made in the litera-

ture6,7 that in Ar–H2 glow discharges a better correlation could

be obtained between measured RSFs in GDMS and values pre-

dicted by simple empirical equilibrium models, based on the first

ionization potential of the elements. The latter plays a role only

in the cross section of electron impact ionization, but not in the

rate coefficients for Penning ionization and asymmetric charge

transfer. Hence, this better correlation with the simple model

predictions suggests that electron impact ionization plays a more

prominent role as an ionization mechanism of the sputtered

atoms in the Ar–H2 discharge compared to a pure Ar discharge,

which is, at least qualitatively, in accordance with our model

predictions.
3.2. Relative role of different production and loss processes for

the plasma species

Table 3 gives an overview of the relative contributions of the

most important production and loss processes for the various

plasma species, calculated for 1% H2 addition. The electrons are

predominantly formed by electron impact ionization of Ar, as is

also the case in pure Ar discharges, and they are lost mainly by

recombination with H3
+ ions. Indeed, recombination with H+

and H2
+ ions is of minor importance, because of the much lower

densities of these ions, and recombination with ArH+ ions is also

less important because of the lower rate coefficient (see section 2

above). This result is different from our previous calculations20

where the same rate coefficients for recombination with H3
+ and

ArH+ ions were assumed, and where it was predicted that both

processes contribute for about 60 and 40%, respectively. We have

repeated our previous calculations for the VG9000 GDMS
This journal is ª The Royal Society of Chemistry 2008



Table 3 Calculated relative contributions of the most important production and loss processes for the various plasma species. The numbers between
brackets after each production or loss process correspond to the reactions listed in Table 2, to visualize the meaning of the processes

Production processes % Loss processes %

Electrons
Electron impact ionization of Ar (2) 98.0 Recombination with H3

+ (18) 94.2
Fast Ar+ ion impact ionization of Ar (20) 0.4 Recombination with H2

+ (17) 2.7
Fast Ar0 atom impact ionization of Ar (57) 1.3 Recombination with ArH+ (16) 3.1
Electron impact ionization of H2 (11) 0.3
Ar+ ions
Electron impact ionization of Ar (2) 97.9 H-atom transfer between Ar+ and H2 (22) 87.1
Ar+ ion impact ionization of Ar (20) 0.4 Charge transfer between Ar+ and H2 (23) 12.9
Ar0 atom impact ionization of Ar (57) 1.3
Charge transfer between H2

+ and Ar (38) 0.4
ArH+ ions
H-atom transfer between Ar+ and H2 (22) 88.7 Proton transfer between ArH+ and H2 (28) 97.4
Proton transfer between H2

+ and Ar (37) 11.3 Collision-induced dissociation of ArH+ by Ar (25,26) 2.4
Recombination with electrons (16) 0.2

H+ ions
Collision-induced dissociation of ArH+ by Ar (25) 47.9 Charge transfer between H+ and Ar (31) 99.7
Collision-induced dissociation of H3

+ by Ar (45) 21.0 Charge transfer between H+ and H2 (35) 0.3
Electron impact ionization of H atoms (14) 19.8
Electron impact dissociative ionization of H2 (12) 11.3
H2+ ions
Charge transfer between Ar+ and H2 (23) 88.4 Proton transfer between H2

+ and Ar (37) 82.1
Electron impact ionization of H2 (11) 11.5 Charge transfer between H2

+ and Ar (38) 16.8
Proton transfer between H2

+ and H2 (39) 0.8
Recombination with electrons (17) 0.3

H3
+ ions

Proton transfer between ArH+ and H2 (28) 99.5 Recombination with electrons (18) 90.2
Proton transfer between H2

+ and H2 (39) 0.5 Collision-induced dissociation of H3
+ by Ar (45,46) 9.0

Charge transfer between H3
+ and Ar (44) 0.7

H2 molecules
Electron–H3

+ recombination (18) 46.9 Dissociation of H2 by Arm* quenching (63) 62.5
Charge transfer between H2

+ and Ar (38) 45.3 Electron impact dissociative excitation of H2 (10) 24.2
Collision-induced dissociation of H3

+ by Ar (45) 7.1 Electron impact ionization of H2 (11) 6.1
Charge transfer between H3

+ and Ar (44) 0.6 Electron impact dissociative ionization of H2 (12) 0.2
H-atom transfer between Ar+ and H2 (22) 3.5
Charge transfer between Ar+ and H2 (23) 3.5

H atoms
Dissociation of H2 by Arm* quenching (63) 63.0 Recombination at the walls (66) �100
Electron impact dissociative excitation of H2 (10) 24.4
Electron impact dissociative ionization of H2 (12) 0.1
Reflection of H+, H2

+, H3
+ and ArH+ at cathode (29,36,41,55) 5.6

Recombination of H2
+, H3

+ and ArH+ with electrons (16–18) 4.7
H-atom transfer between Ar+ and H2 (22) 1.8
Collision-induced dissociation of ArH+ by Ar (26) 0.3
Charge transfer between H+ and Ar (31) 0.1
Arm* metastable atoms
Electron impact excitation of Ar (3) 25 Diffusion and de-excitation at the walls (65) 46.7
Fast Ar+ ion impact excitation of Ar (21) 18 Quenching by H2 (dissociation of H2) (63) 26.5
Fast Ar0 atom impact excitation of Ar (58) 57 Quenching by electrons (6) 12.0

Penning ionization of sputtered Cu atoms (60) 8.0
Metastable–metastable collisions (59) 3.5
Electron impact excitation to higher levels (5) 2.3
conditions, with the new rate coefficient for ArH+–electron

recombination, and observed that recombination with H3
+ ions

is indeed now dominant. Hence, the difference between our

present and previous results20 is not due to different operating

conditions (VG9000 vs. Grimm-type), but simply due to the

reduced value of the rate coefficient. However, this lowering of

the rate coefficient did not affect the electron density to a large

extent, so the other calculation results that we obtained in our

previous papers20,21 remain valid. When varying the H2

concentration, it appears that recombination with H3
+ ions is

always the major loss mechanism for the electrons, but the

relative contribution of recombination with H2
+ ions and ArH+
This journal is ª The Royal Society of Chemistry 2008
ions increases for lower H2 concentrations, to values of about

16% and 21.5%, respectively, at 0.1% H2 addition. At 10% H2

addition, on the other hand, it appears that the electrons get lost

almost exclusively by recombination with H3
+ ions (calculated

contribution of 99.3%). Indeed, their density increases more

rapidly with H2 addition than the ArH+ density, as was illus-

trated in Fig. 2 above. Concerning the production of electrons,

electron impact ionization of Ar atoms remains always the

dominant production mechanism, but electron impact ionization

of H2 atoms of course gains in importance for higher H2

concentrations, up to a calculated contribution of about 3.5% at

10% H2 addition.
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Also the Ar+ ions are mainly created by electron impact ioni-

zation, for all Ar–H2 mixtures investigated. The relative contri-

bution of charge transfer between H2
+ ions and Ar atoms

increases slightly with higher H2 concentrations, up to a value of

2.6% calculated for 10% H2 addition. The loss of Ar+ ions is

calculated to be mainly caused by H-atom transfer with H2

molecules, although charge transfer also plays a non-negligible

role. The relative contributions of both loss mechanisms were

calculated to be more or less the same for all Ar–H2 mixtures

investigated.

This dominant loss mechanism for the Ar+ ions, i.e., H-atom

transfer with H2 molecules, represents also the most important

production process for the ArH+ ions, as is clear from Table 3.

This is the case for all H2 concentrations investigated. Con-

cerning the loss of ArH+ ions, proton transfer with H2 molecules,

to form H3
+ ions, is the dominant loss mechanism, at all Ar–H2

mixtures investigated, but especially at high H2 concentrations.

This explains why the H3
+ ion density increases more upon H2

addition than the ArH+ ion density (see Fig. 2 above). At the

lowest H2 concentrations investigated, proton transfer is still the

most important loss process, but collision-induced dissociation

by Ar atoms becomes relatively more important, with a contri-

bution of 17% calculated at 0.1% H2 concentration.

The latter process is the most significant production mecha-

nism for the H+ ions, especially at low H2 concentrations (for

instance, the relative contribution was calculated to be 48% at 1%

H2 addition (see Table 3), and 61% at 0.1%H2 concentration). At

higher H2 concentrations, collision-induced dissociation of H3
+

ions by Ar atoms becomes gradually more important, with

a calculated relative contribution of 61% at 10% H2 addition.

Also electron impact ionization of H atoms and dissociative

ionization of H2 molecules play a non-negligible role in the

production of H+ ions. Charge transfer with Ar atoms is the

dominant loss process for the H+ ions, at all conditions investi-

gated, although charge transfer with H2 molecules becomes

gradually more important, with a relative contribution of

4.4% calculated for 10% H2 addition.

The H2
+ ions are mainly produced by charge transfer between

Ar+ ions and H2 molecules, and they are destructed by proton

transfer (or to a smaller extent by charge transfer) with Ar atoms.

These relative contributions are more or less the same for all

Ar–H2 mixtures investigated, but at higher H2 concentrations,

electron impact ionization of H2 molecules gains importance as

a production process (with a relative contribution calculated to

be 23% at 10% H2 addition), whereas proton-transfer between

H2
+ ions and H2 molecules becomes non-negligible as a loss

mechanism (with a relative contribution of 9% calculated for

10% H2 addition).

The H3
+ ions are almost exclusively produced by proton

transfer between ArH+ ions and H2 molecules, as mentioned

above, and they are destructed mainly by recombination with

electrons, although collision-induced dissociation by Ar atoms

also contributes for about 10%. This is true for all Ar–H2

mixtures investigated.

As far as the H2 molecules are concerned, their production by

chemical reactions in the plasma is of course not so significant,

because they are present as a background gas. Nevertheless,

small fractions of H2 molecules are produced, mainly by

electron–H3
+ recombination and charge transfer between H2

+
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ions and Ar atoms. The first process is especially important at

high H2 concentrations (with a relative contribution calculated

to be 63% at 10% H2 addition), whereas the latter process is

dominant at low H2 concentrations (e.g., 92% at 0.1% H2

addition). The loss of H2 molecules is mainly attributed to

dissociation by quenching of Arm* metastable atoms, but

electron impact dissociative excitation and ionization gain

importance upon increasing H2 addition. Indeed, their relative

contribution is about 17 and 5%, respectively at 0.1% H2 addi-

tion, vs. 71% for Arm* quenching; at 1% H2 concentration, the

relative roles of these three processes are about 24%, 6% and

63%, as is clear from Table 3; and at 10% H2 addition, electron

impact dissociative excitation and ionization contribute at

37 and 12%, respectively, whereas the role of Arm
* quenching

has dropped to about 36%.

The H atoms are mainly generated by this process of Arm*

quenching, resulting in H2 dissociation, especially at low H2

concentrations (i.e., relative contribution calculated to be 74% at

0.1%H2 concentration, decreasing to 63% at 1%H2 fraction, and

to 32% at 10% H2 addition). On the other hand, the relative role

of electron impact dissociative excitation increases as production

mechanism, from 17% at 0.1% H2 concentration, to 24% at 1%

H2 fraction, and 34% at 10% H2 addition. Also electron–H3
+ ion

recombination plays a non-negligible role as production mech-

anism, with a relative contribution of 21% at 10% H2 addition.

Besides, reflection (and dissociation/neutralization) of H+, H2
+,

H3
+ and ArH+ ions bombarding at the walls also contribute to

some production of the H atoms. Likewise, the H atoms almost

exclusively disappear from the plasma by recombination at the

walls, resulting in formation of H2 molecules.

Finally, the Arm* atoms are populated by electron, fast Ar+

ion and especially fast Ar atom impact excitation of Ar ground

state atoms. The latter explains the pronounced peak in their

density near the cathode (see Fig. 3 above), as fast Ar+ ion and

Ar0 atom impact excitation are only important near the cathode.

Loss of the Arm* metastable atoms is mainly attributed to

de-excitation at the walls, but quenching by dissociation of

H2 molecules plays also an important role, especially at higher

H2 concentrations. Indeed, the relative role of this process

increases from 4% at 0.1% H2 fraction, to 26.5% at 1% H2

concentration, to almost 70% at 10% H2 addition. This explains

why the Arm* metastable density, as well as the relative impor-

tance of Penning ionization for the sputtered atoms, drops at

high H2 concentrations.

Finally, it is worth mentioning that our calculations predict

that the dissociation of H2 molecules into H atoms occurs

predominantly by quenching of Arm* metastable atoms, rather

than by electron impact dissociative excitation. This is in agree-

ment with experimental observations of a strong continuum

emission in the spectral range 220–440 nm, in Ar/H2 glow

discharges.14–16 This continuum is considered to be the result of

the sequence:14–16,30

Arm
� þ H2

�
X 1Sþ

g

�
/ Ar

�
1S0

�
þ H2

�
a 3Sþ

g

�

H2

�
a 3Sþ

g

�
/ H2

�
b 3Sþ

u

�
þ hn ðcontinuumÞ

H2

�
b 3Sþ

u

� ������!dissociation
HþH
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An alternative reaction path would be the excitation into the

triplet state by electron impact, followed also by dissociation

(i.e., reaction no. 10 of Table 2). However, in Ne/H2 mixtures,

where excitation of the H2 molecules by Ne metastables is not

possible, no significant continuum was observed under similar

experimental conditions.16 This suggests, indeed, that electron

impact dissociative excitation is less important than dissociative

excitation by Ar metastables, in agreement with our model

predictions.
4. Conclusion

A comprehensive model developed previously for Ar–H2 gas

mixtures has been applied to a Grimm-type glow discharge, and

the effect of H2 additions varying between 0.1 and 10% has been

investigated on the densities of the various plasma species, their

production and loss mechanisms, the electrical current, and the

sputtering process. It is found that beside the Ar+ ions, also the

ArH+ and H3
+ ions are important positive ions in the discharge,

especially at higher H2 concentrations. The H
+ and H2

+ ions are

of minor importance. The dissociation degree of the H2 mole-

cules was calculated to be around 1–2%, which is significantly

higher than at typical VG9000 GDMS conditions. This is

attributed to the higher gas pressure, resulting in more dissoci-

ation collisions of the H2 molecules. The density of sputtered

Cu atoms is not so much affected by the H2 addition to the

discharge, because on one hand, the Ar+ ion flux decreases upon

H2 addition, but on the other hand, the fluxes of hydrogen-

related ions increase. Hence, the relative contribution of Ar+ ions

to the sputtering process decreases, whereas the ArH+ ions gain

importance, so that the rate of sputtering remains very similar.

For the same reason, the calculated electrical current appears not

to be strongly affected by the Ar–H2 gas mixture. The Arm*

metastable atoms, on the other hand, are characterized by

a significant drop in their density for high enough H2 concen-

trations, due to Arm* quenching by dissociation of H2 molecules.

This process might be responsible for the strong continuum

emission in the spectral range 220–440 nm, in Ar/H2 glow

discharges.14–16 Moreover, because of the decreasing Arm*

density, the role of Penning ionization of sputtered Cu atoms is

also expected to become lower for high enough H2 additions.

Electron impact ionization, on the other hand, becomes rela-

tively more important, and this is, at least qualitatively, in

accordance with literature observations on the comparison

between measured RSFs in GDMS with predictions from simple

equilibrium models.6,7

We have tried to compare our calculation results as much as

possible with experimental data available in the literature, and

we were able to find reasonable explanations for most experi-

mental observations and trends. Exact detailed comparison is

often difficult. For instance, in the present calculations no gas

heating and gas flow were taken into account. We don’t think

that this will have a large impact on the plasma chemistry;

however, it means that our calculation results might not be

applicable to conditions where the gas flow is essential.4,5

Indeed, such fast-flow glow discharge cells can generate

a secondary plasma, as was recently demonstrated by Voronov

and Hoffmann,31 and this might further complicate the

situation.
This journal is ª The Royal Society of Chemistry 2008
Finally, note that our model is not yet able to predict trends

in optical emission line intensities as a function of H2 addition

in GD-OES. For this purpose, information is needed on the

excited level populations of H atoms, H2 molecules and sput-

tered atoms and ions. In the near future, a collisional-radiative

model will be developed, describing the behavior of excited

levels of H atoms and H2 molecules, in connection with the

excited levels of Ar and sputtered atoms, with the purpose to

explain why different optical emission lines behave differently

upon H2 addition.
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