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Effect of small amounts of hydrogen added to argon glow discharges:
Hybrid Monte Carlo —fluid model
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A hybrid Monte Carlo—fluid modeling network is developed for an argon-hydrogen mixture, to predict the
effect of small amounts of hydrogen added to a dc argon glow discharge. The species considered in the model
include the Ar gas atoms, electrons,'Aipns and fast Ar atoms, ArH, H*, H; and I—Q ions, and H atoms and
H, molecules, as well as Ar metastable atoms, sputtered Cu atoms, and the correspondinigsC8ixty-five
reactions between these species are incorporated in the model. The effect of hydrogen on various calculation
results is investigated, such as the species densities, the relative role of different production and loss processes
for the various species, the cathode sputtering rate and contributions by different bombarding species, and the
dissociation degree of Hand the ionization degree of Ar and Cu. The calculation results are presented and
discussed for 1% Kaddition, and comparison is also made with a pure argon discharge and with only 0.1%

H, addition.
DOI: 10.1103/PhysReVE.65.056402 PACS nunider52.65-y
[. INTRODUCTION effects, we have developed a comprehensive modeling net-

work, based on various Monte CarldC) and fluid models,

In recent years, there has been a lot of interest in théor the different species present in argon-hydrogen glow dis-
effects of small amounts of hydrogen added to argon discharges. There exist some models in the literature for pure
charges[1-18. The addition of hydrogen was found to hydrogen dischargg82-39, but to our knowledge, there is
cause a drop in the ionization in the discharge, and in the APnly one model published for an argon-hydrogen mixture
ion and electron densitigd—4]. It is also well-recognized [40], which was simply based on particle balance equations,
that the addition of hydrogen affects the sputter rates in glovitd applied to a thermal argon-hydrogen plasma, hence op-
discharge$5,6]. On one hand, the sputter yield by hydrogenerat'”g at complete_ly different discharge conditions from a
ions is very low, due to their low mags]. But on the other (nonthermal glow discharge.
hand, the ArH ions formed in argon-hydrogen discharges
start playing an important role in sputtering, due to their Il. DESCRIPTION OF THE MODELING NETWORK
higher kinetic energy than Arions when bombarding the Thirteen different species are considered in the model,
cathode[6]. A number of papers have also reported on the

. . . including the Ar gas atoms, electrons,ArArH™, H*, H;
measurement of ion energy distributions in argon/hydroger(]de H* ions, fast Ar atoms, H atoms, and kholecules, the
discharges[7-9]. The dissociation rate of Hin argon- | ' ; :

; ) . . Ar metastable atoms, the sputtered cathode at@ths is
hydrogen mixtures was also investigated, and it was found tken as an exampland the Ci ions

be much_ smgller than ir_1 pure hydrogen discharges, as a re- o the Ar gas atoms, no model is used, and they are
sult of vibration-translation energy exchand@$]. Hydro-  gimply assumed to be uniformly distributed in the plasma,
gen Balmer lines were measured in argon-hydrogen glowith thermal velocities. Their density is calculated from the
discharges to obtain information on reactions in the plasmgput gas pressure and temperature, by the ideal gasdaw (
[11], on the electron density12], and on the electric field =N/v=p/kT), multiplied by the percentage argdne., 1
distribution [13] Moreover, the effect of hydrogen has also — (percentage hydrogﬁh The behavior of the other Species
been investigated on glow discharges used for the spectrgs described by a number of MC modéfsr the species that
chemical analysis of solid materials by cathode sputtering. Igre not in equilibrium with the electric field, i.e., they gain
has been observed that some optical emission line intensitiefore energy from the electric field than they lose by colli-
of Ar atoms and ions, and of sputtereelg., copperatoms  sjons; hence, a MC model is most accuyated fluid models
and ions, increase while others decrease when hydrogen ifor the species that can be considered in equilibrium with
addEd[l4—1q Also, the relative ionization efficiencies of the electric field; hence, a fluid model is a valid appr()abh
different sputtered elements in these glow discharges appegfe following, these different models will be explained in
to be influenced by the addition of hydrogktv,18. some more detail, and the coupling between the different
Although a large number of chemical reactions have beefnodels, due to the interaction processes between the differ-
studied between argon and hydrogen speflés-31, the  ent species, will be outlined.
various effects of hydrogen on argon discharges are not fully
understood. In order to obtain a better understanding of these
A. MC model for the electrons
The electrons are described by using a MC model during
*Email address: annemie.bogaerts@ua.ac.be successive time steps, from the moment they are créated
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TABLE |. Reactions taken into account in the electron MC model.

No. Reaction Name Ref.
1 e +Ar—e +Ar Elastic scattering [41]
2 e +Ar—e +Art+e” lonization [41]
3 e +Ar—e” +Ar* (including Ar}) Total excit. (including the Ar metast. levels [41]
4 e +Ark—e +Arf+e” lonization from the Ar metast. levels [44]
5 e +Ary—e +Ar* Total excitation from the Ar metast. levels [45]
6 e +H,—e +H, Elastic scattering [46]
7 e +Hy,—e +H3(v) Total vibrational excitation [46]
8 e +H,—e +H;(s) Total electron excitation to singlet states [46]
9 e +H,—e +Hj(t)—e +H+H Total electron excitation to triplet states, [46]
followed by dissociation
10 e +H,—e +Hj+e lonization [46]
11 e Hy,—e +H"+H+e” Dissociative ionization [47]
12 e +H—e +H* Total excitation [49]
13 e +H—e +H +e lonization [49]
14 e +Cu—e +Cu"+e” lonization [50]

ther by secondary electron emission at the cathode, or bagre not explicitly followed in the modghnd total electronic
ionization in the plasma until they bombard the walls excitation(nos. 3, 5, 8, 9, and 12It should be mentioned
(where they can be reflected, cause secondary electron emigmat reaction no. 3 stands for total electronic excitation of Ar
sion or become absorbgdr until they become thermalized (j.e., summed over all Ar excited levgl$ut the excitation to
in the negative glowNG) (see below the Ar metastable levels is also explicitly described in the
The secondary electron emission can be caused either Bjjodel, because it is necessary as input for the Ar metastable
Ar* ions, fast Ar atoms, Arfi, H*, H; or H; ions bom-  model(see below Similarly, electron impact ionization and
barding the cathode. The emission yields foi" Aon and Ar  excitation from the Ar metastable levekactions nos. 4 and
atom bombardment, as a function of the incoming energy) are included in the MC model, because they are also used
(which is calculated in the MC models for ions and atoms;as input in the Ar metastable model.
see beloy, are adopted from Ref41], whereas the corre- Electronic excitation of the fimolecules can lead either
sponding values for H, Hy, and H ions are taken from to singlet or triplet states. In our model we use only two
Ref. [42]. We could not find experimental data for electronic excitation cross sections fog H.e., for the sum
ArH " -ion-induced emission yields. However, because of theover all singlet states and for the sum over all triplet states. It
large proton affinity for Ar, ArH ions have probably not is generally known that excitation to the triplet states leads to
sufficient internal energy for potential ejection of secondarydissociation of the Kimolecule. Indeed, all triplet states will
electrons. For kinetic ejection of secondary electrons, we caradiate to the lowest triplet Hstate p 33 ,) [48], which is
assume that the secondary electron emission yield is equal formed by two H ground state atoms, in which one electron
that for an Ar atomwith energy equal to 40/41 of the AfH is in a binding orbital and the other in an antibinding orbital.
energy plus the contribution from an independently acting This state is repulsive, and will consequently dissociate into
H* ion (with energy equal to 1/41 of the AfHenergy [43].  two H atoms. Moreover, we assume that also about 15% of
The electrons emitted from the cathode are accelerated ithe singlet excitation leads to dissociation, based on the cross
the cathode dark spa¢€DS) by the strong electric field, and sections of photon emission for the lay-Ly-3, H-a, H-8,
they are subject to collisions in the plasma. The collisionH-vy, H-4 lines and the production of metastable 4] 2at-
processes taken into account in this model are summarized oms, found in Ref{47]. Therefore, the total dissociation rate
Table 1, together with the references of the correspondingf H, due to electron impact excitation is calculated in our
cross section$41,44-5Q. The elastic scattering reactions model as the sum of the total triplet excitation rats% of
(nos. 1 and Blead to a change in direction of the electronsthe total singlet excitation rate. Finally, rotational excitation
but nearly no change in the energy, due to the large differef H, is neglected in the model, becau$ethe energy loss is
ence in mass of electrons and Ar atoms erhblecules. The small, and it has no effect on the electron energy distribution
different electron impact ionization reactiofi®., nos. 2, 4, function, and(ii) the rotationally excited K molecules are
10, 11, 13, and M4give rise to a new electron that is also not considered in the model.
followed in this electron MC model, and an ion that is As mentioned above, the electrons are followed in this
treated in the ion MC models described below. Two kinds ofMC model during successive time steps, until they bombard
electron impact excitation are considered in this model, i.e.the walls, or until they become thermalized in the NG. In
total vibrational excitation of Kllmolecules(no. 7, which in  contrast to our previous electron MC model for pure argon
our model leads only to a change in energy and direction oflischarges, where electrons with energy below 11.55 eV in
the electrons, because the vibrationally excitedtblecules the NG were transferred to the slow electron grdtg be
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treated in the fluid modgl[51], all electrons with energy the other cell walls where they are assumed to be reflected
above thermal energy are followed in the present MC modelas neutrals. The Arions (as well as the Ar atomsare as-
Indeed, because of the presence efriblecules, the thresh- sumed to be reflected for 100% as neutral Ar atoms, with a
old for inelastic collisions is now reduced to about 0.5 eVfraction of their initial kinetic energy; the latter is adopted
(i.e., for vibrational excitation of k). In order to limit the ~from Ref.[58]. The H", H,", Hy, and ArH" ions are as-
calculation time when a large number of slow electrons hasumed to be reflected as H atoms, with a reflection probabil-
to be simulated, a variable time stagepending on the elec- ity of 0.6, 1.2, 1.8, and 0.6, respectivell§9]. The H atoms

tron energy is used to calculate the electron trajectories inare not followed by using a MC algorithm, but their produc-
the NG. tion rate due to reflection is used as input in the Kfkid

model (see below.

The fast Ar atoms, created) by neutralized reflection at
the walls of the Af ions, (ii) by collisions of the various
ions in the CDS(see Table Il, or (iii) from other fast Ar

The slow electrons are described with a fluid model in theatoms by elastic collisions in the plasma or reflection at the
NG, where they can be considered in equilibrium with thewalls, are followed by using the MC method, until their en-
weak electric field. This fluid model describes also the vari-ergy drops below 1 eV, because at lower energy, they are not
ous ionic species, as will be explained in Sec. Il C. Howeverassumed to be “fast” anymore.
in addition to this fluid model, we have also developed a
number of MC models in the CDS for the various ionic C. Fluid model for electrons, Art, ArH*, H*, HY,
speciegAr*, ArH", H", H,", and H*), as well as for the and HY ions
fast Ar atoms created from the ions by various kinds of col- . . . .

As mentioned above, the various ionic species and the

lisions. Indeed, the ions are not in equilibrium with the slow electrons are also treated with a fluid model. It consists

strong electric field in the CDS, and are therefore more aCoc i continuit (balancé equations and six transport equa-
curately treated with a MC code. Moreover, we are intereste&I y N b ;

in the flux energy distributions of the ionic species and the ons (kf)ased_on. diffusion and migratipni.e., one for each
fast Ar atoms bombarding the catho@ee., to calculate the type of species:
secondary electron emission yields and the sputtering yields; an, . _
see above and below, respectiyelywhich can be easily cal- 3 + V- Jx=Rprodx— Riossx
culated in the MC model.
The flux of the ions entering the CDS from the NG is .
obtained from the fluid moddkee below The ions are then Jx=E punE=D,Vn,.
accelerated toward the cathode by the strong electric field,
and they are also subject to collisions. Table Il gives an overHere, x stands for every type of speci¢ar®, ArH*, H",
view of the reactions taken into account in the MC modelsH; , H; or electrong n andj denote the species density and
for Art, ArH*, H*, Hy, and H ions and fast Ar atoms, flux, RyqandRy,ssare the species total production and loss
respectively, as well as the references where the cross se@tes,u andD are the species mobility and diffusion coeffi-
tions were taken from28,29,43,49,52-57 cients, anck is the electric field distribution. In the transport
Some reactions, such as elastic scatte(inguding sym-  equation, a positive sign in the migration term is used for the
metric charge transferdo not result in the creation of new ions, whereas a negative sign applies to the electrons. The
species; they only change the energy and direction of thenobility and diffusion coefficients for the Arions and elec-
ions and atoms. However, most other reactions, such as prtrons were taken from Ref51]. The diffusion coefficients
ton transfer, asymmetric charge transfer, collision-inducedor the ArH", H™, H;, and H ions in argon/hydrogen are
dissociation, etc., lead to the destruction of the ions, and thealculated with a formula of the rigid-sphere model for a
formation of new types of ions and/or neutrals. These createrhixture of two chemical specieg60]. The mobilities of
species are also followed in the MC modéler the ionic ~ ArH* and H; ions in argon/hydrogen are adopted from Ref.
species and the fast Ar atojnas well as in the fluid models [61], and due to the lack of available data, the same values
(for the ions, the H atoms, and,Hnolecules; see below  were also assumed for'Hand H; ions. The following pro-
Reaction nos. 17 and 50; i.e., fast’Aion and Ar atom  duction and loss processes were taken into account for the
impact ionization, give rise to a new electron and(addi-  various specie&he numbers between brackets correspond to
tional) Ar™ ion; the latter is also followed in the ArMC  the numbers given in Tables | and II, for the processes
model, whereas the electron is followed in the electron MGyeated in the MC codgs
model (see above Finally, reaction nos. 18 and 51 are fast
Ar™ jon and Ar atom impact excitation to the Ar metastable (&) Production of electronsElectron(2), fast Ar ion(17),
level. The corresponding excitation rates are used as input iand atom(50) impact ionization of Ar, electron impact ion-
the Ar metastable modésee below. ization of Ar metastable atom&!), of sputtered Cu atoms
All the ions that enter the CDS from the NG, as well as(14), of H atoms(13) and of H, molecules(10), and disso-
the ones created from collisions of the other species in théiative ionization of H (11).
CDS (see Table N are followed, until they are destructed by ~ (b) Loss of electronsRecombination with ArH, H,,
collisions (see aboveor until they bombard the cathoder — and H; ions (k=107 cm®s ! in the three cas€$8,37,40).

B. MC models for the Ar*, ArH*, H*, HS, and HY ions and
the fast Ar atoms
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TABLE II. Reactions taken into account in the MC models for AArH™, H, H; , H3 ions and fast

Ar atoms.

No. Reaction Name Ref.
Ar* ions

15  Ar"+Ar—Art +fast Ar Elastic(isotropig scattering [52]

16  Ar"+Ar—fast Ar+slow Ar" Elastic scattering in backward directfon [52]

17 Arf+Ar—-Art+Arf+e” lonization [53]

18  Art+Ar—Art+Ark Excitation to the metastable levels [53]

19 Arf+H,—ArH"+H H-atom transfer [54]

20  Ar*+H,—fast ArtHj Asymmetric charge transfer [54]

ArH* ions

21  ArH*+Ar—ArH"* +fast Ar Elastic scattering [43]

22 ArH'+Ar—fast Ar+ H +Ar Collision-induced dissociation [43]

23 ArH'+Ar—fast Ar + H+Ar Collision-induced dissociation [43]

24  ArH*+H,—ArH* +fastH, Elastic scattering [43]

25  ArH' +H,—fast Ar+Hj Proton transfer [43]

H* ions

26  H"'+Ar—H" +fast Ar Elastic scattering [43,55

27  H'+Ar—fastH+Ar" Asymmetric charge transfer [54]

28 H'+H-fastH+H* Symmetric charge transfer [49]

29  H+H,—H"+H; Total vibrational excitation [56,57

30 H'+H,—H"'+fastH, Elastic scattering [56,57

31  H'+H,—fast H+H; Asymmetric charge transfer [56,57
H, ions

32 Hy+Ar—H+ArH" Proton transfer [43,54

33 Hy+Ar—fastH,+Ar" Asymmetric charge transfer [43,54
34  Hj+H,—H+H] Proton transfer (56,57
35  Hj +Hy—fastH+H; Symmetric charge transfer [56,57
H3 ions

36 Hj +Ar—H;3+fast Ar Elastic scattering [28,43,54
37 Hg + Ar— fast H,+ slow ArH* Proton transfer [28,43,54
38  Hj +Ar—fast H,+fast H+slow Ar* Charge transfer dissociation [28,43,54
39 H; + Ar— fast H" +fast H,+ slow Ar Collision-induced dissociation [28,43,54
40  Hj +Ar—fast H +fast H+slow Ar Collision-induced dissociation [28,43,54
41 Hj +H,—Hj +fastH, Elastic scattering [29,43,56
42 Hj +H,—fast H+slow Hy Proton transfer [29,43,56
43 Hj +H,—fast H+ slow H,+ slow H* Proton transfef dissociation [29,43,56
44 Hj +H,—fast H+ slow H+slow Hj Proton transfef dissociation [29,43,56
45  Hj +H,—fast H,+fast H+ slow Hy Charge transfer dissociation [29,43,56
46 Hg +H,— fast I—Q +fast H+slow H, Collision-induced dissociation [29,43,56
47  Hj +H,—fast H" +fast H,+ slow H, Collision-induced dissociation [29,43,56
48 Hg +H,—fast H" +two fast H+slow H,  Collision-induced dissociation [29,43,56
Fast Ar atoms

49 fast Art+slow Ar— fast Ar+fast Ar Elastic scattering [52]

50 fast Ar-slow Ar—fast Ar+ Art+e” lonization [53]

51  fast Ar+slow Ar—fast Ar+Arj, Excitation to the metastable levels [53]

aWe have represented the differential cross section for elastic scattering db@s by Ar atoms by the sum
of an isotropic term and a backward scattering term. The integral over angles of the backward scattering term
is equal to the symmetric charge transfer cross section at energies above about 1 eV.
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(c) Production ofAr™*. Electron(2), fast Ar ion(17) and Finally, the above continuity and transport equations are
atom(50) impact ionization of Ar, electron impact ionization coupled to Poisson’s equation, to calculate the electric field
of Ar metastable atom@l), collision-induced dissociation of distribution from the different ion and the electron densities:
ArH* ions with Ar (23), charge transfer of H (27), H,

(33), and H; (38) ions with Ar atoms. s - €

(d) LosggofAr+. H atom transfer19) and charge transfer V-E= a_o(nAr++ Mark 4 M ¥ N+ N =N
(20) of Ar™" ions with H, molecules.

(e) Production ofArH™. H-atom transfer of Af with H, The set of coupled differential equations is solved with the

(19), proton transfer of Bl (32) and of H; (37) with Ar. Scharfetter-Gummel exponential schefbé,64.

(f) Loss ofArH™. Electron-ion recombination, collision-
induced dissociation with Af22, 23, proton transfer with D. Fluid model for the H atoms and H, molecules
H, (25).

Producti fH* Elect . ¢ ionizati Y The H atoms and Hmolecules are also described with a
(g) Production ofH™. Electron impact ionization o set of two coupled continuitybalance equationg(with dif-

(13) and dissociative ionization of H11), collision-induced ferent production and loss terinsnd two transport equations
dissociation of ArH with Ar (22), collision-induced disso- (determined by diffusion

ciation of H3+ with Ar (39) and with H, (47, 48, proton

transfer plus dissociation of Hwith H, (43). @JFV» TR R

(h) Loss ofH". Charge transfer with A(27) and with H, dl %= Rprodx™ Fiossx
(3D).

. . n . L _ .

(i) Production ofH, . Electron impact ionization of H J.=—Dn,

(10), charge transfer of Ar (20) and of H" (31) with H,,

collision-induced dissociation OT}'Wi_th Ar (40) and with  he production and loss processes taken into account are
H, (46), proton transfer plus dissociatiod4) and charge |isted below.
transfer plus dissociatio(5) of HST with H,. _ . _ o _

fer (32) and charge transféB83) of H: with Ar, and proton tion (9) and ionization(11) of H,, H-atom transfer of Af
tran(sfe)r with H (34) 483 2 P with H, (19), collision-induced dissociation of ArHwith Ar

(k) Production ofH. . Proton transfer of ArHl (25) and (23, charge transfer of H with Ar (27) and with H (31),
of HY (34) with H 3 proton transfer of B with Ar (32) and with H, (34), charge
2 2-

4 ) L transfer plus dissociatiof38) and collision-induced disso-
(I) Loss ofH; . Electron-ion recombination, proton trans-

. . o ciation (40) of H; with Ar, proton transfer plus dissociation
fer (37), charge_tra_msfer plus c_hssomatl(ma) and collision- (44), charge trasnsfer plus dissociatigd5) and collision-
'nduce.d _d|ssouat|or(39,4() with Ar, proton_trangfe_r plus induced dissociatiort46, 48 of H§ with H,, electron re-
dissociation(43,44, charge transfer plus dissociatigaS) combination with ArH", Hy, and H;, dissociation of H by
and collision-induced dissociatiqd6,47,48 with H,. Ar metastables, and reflection of AfH H* | H2+ and |_§ at
Most of the production and loss rates are calculated in théhe walls.

MC models, i.e., in the entire discharge for the electron- (2) Loss of H Electron impact ionization of H13) and
induced reactions, and in the CDS for the ion-induced profecombination at the walls (HH—H,;y=0.1).

cesses. However, in addition, some of the ion-induced (3) Production ofH,. Charge transfer of Hwith Ar (33),
chemical reactions are also treated in the fluid model itselfproton transfer(37), charge transfer plus dissociati¢@8)
i.e., when the cross section is high at thermal energy, so thaind collision-induced dissociatioi39) of H; with Ar, pro-
the process can occur with thermal ions in the NG. This igon transfer plus dissociatio@3) and collision-induced dis-

the case for reactions 19, 20, 25, 32, 33, and s refer-  gociation(47) of H5 with H,, electron-H recombination,
ences for the cross section3he additional production and gnd recombination of two H atoms at the walls.

loss rates are then calculated based on the densities of the (4) | oss ofH,. Electron impact dissociative excitation
collision partners multiplied with the rate coefficients, which (g) jonization (10) and dissociative ionizatiofiL1), of H,,
are calculated from the cross sections at thermal energy. Thg_atom transfer(19) and charge transfei20) of Ar* with

values calculated in this way appear to be in good agreemeRi, proton transfer of Ardl with H, (25), charge transfer of
with rate coefficients found in the literatuf80,40,62,63 H* with H, (31), proton transfer of Bl with H, (34), and
Finally, electron-ion recombination, which was not Co”Sid'dissociation of |_2| by Ar metastables. ’

ered in the MC models because it applies to thermal elec-
trons, is also treated in the fluid model. Only recombinationThe numbers between brackets correspond again to the num-
with the molecular iongArH™, H;, and H}) is taken into  bers given in Tables | and Il. Again, most production and loss
account, and the rate coefficients ugej37,40 are also rates are calculated by using the MC models of ions and
given above between brackets. Recombination with atomielectrons. In addition, the ion-induced reactions with high
ions (Ar" and H") is negligible because of too low rate cross sections at thermal ener(go that the reactions can
coefficients. occur in the NG, with thermal ionsare also treated in the
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H-H,—fluid model, based on the rate coefficients and theelectron MC model aboveelectron quenching.e., transfer

densities of the reacting species, in analogy to the abovt® the nearby 4 resonant levels by low-energy electrgns
electron-ion fluid model. collisions between two metastable atofresulting in ioniza-

Dissociation of H by Ar metastables is also taken into tion of one of the atoms, whereas the other is deexcited to the
account in this model, because this process has been demdifound state; hence, this process results in the simultaneous
strated to be important in argon-hydrogen glow dischargedoss of two metastable atomsPenning ionization of the
by the strong continuum emission in the spectral range o$puttered Cu atoms, and two-body and three-body collisions
220-440 nm[14-16,27. The rate of this reaction is ob- With Ar ground state atoms. More details about these pro-
tained based on the Ar metastable density calculated in theesses and the rate coefficients used can be found in Ref.
metastable modékee belowand the H density, multiplied  [70].
by the corresponding reaction rate coefficiea#sumed to be ~ The additional loss processes, related to the hydrogen spe-
7x 10" cm®s !, based on values reported in Ref80], cies, which are now added to the model, are excitation fol-
[65—67). lowed by dissociation of the Himolecules due to Ar meta-

Besides the chemical reactions taking place in the plasm&table atomgsee abovg and excitation of H atoms by Ar
two processes occurring at the walls might play an importanmetastame atoms, both leading to deexcitation of the meta-
role in determining the H and fdensities, i.e., reflection at Stable level. The rate coefficients for these processes are
the walls of ArH", H*, H3, and H ions under the form of taken as K10™**and 4<10 ** cm’s™*, respectively[30].

H atoms(treated in the ion MC models; see abpead re- Finally, it should be mentioned that there is another loss
combination of H atoms into 5 molecules at the walls mechanism for the Ar metastable atoms,_gi\(en by diffusion
(which are assumed to be saturated with H afoifise latter toward the walls, and subsequent deexcitation at the walls.
reaction, which defines a loss of the H atoms and a formatior] h€ boundary condition for this model is therefore defined as
of H, molecules, is treated as the boundary condition in théh€ metastable density being equal to zero at the cell walls
balance equations of H atoms ang kholecules, using a
recombination coefficient of 0[B5,68,69. This wall recom-
bination of H atoms is suggested to be the dominant produc-
tion mechanism of K molecules in argon-hydrogen super-
sonically expanding cascaded arc plasnfatere no H
molecules, but only Af, Ar, H*, H, and electrons, are as-  Because it has been reported in the literature that the ad-
sumed to leave the arg3]. dition of hydrogen to an argon glow discharge affects the
sputtering[5,6], as well as the optical emission line intensi-
ties [14—16 and ionization efficiencie$7,8] of sputtered
atoms, the present modeling network for an argon-hydrogen

Because of the possibly important role of the Ar meta-glow discharge also includes some models for the sputtered
stables in dissociation of the,Hnolecules(see abovg the species, which were previously developédl,72, and
models developed for the hydrogen species should also hghich will be briefly outlined here, taking Cu as an example.
coupled with a model for the Ar metastable atoms. The meta- The sputtering rate for the Cu cathode is calculated based
stable model used for this purpose has been developed pren an empirical formula for the sputtering yield as a function
viously [70], except that two extra processes, related §0 H of energy of the bombarding specig&3], multiplied by the
are now added to the model. flux energy distributions of the various ions and the fast Ar

The behavior of the Ar metastable atoms is again deatoms bombarding the cathode. The Cu atoms sputtered from
scribed by a balanceontinuity) equation containing differ-  the cathode have typical energies in the order of 5-10 eV,
ent production and loss terms, and a transport equation dgvhich they lose almost immediately by collisions with the Ar
termined by diffusion, gas atoms, until they are thermalized. This thermalization

process is described by a MC modeL].

Mar* - The further behavior of the thermalized Cu atoms, i.e.,
gt TV Jarr = Rorod ag = Rioss A, their transport by diffusion, and the ionization of the Cu
atoms, as well as the behavior of the ‘Cions, is described
by a fluid model, consisting of two coupled continuity equa-
tions and two transport equatiofisased on diffusion for the
Cu atoms and on diffusion plus migration for the ‘Cions).

The diffusion coefficientD) is assumed to be 54 és *  The production of Cu atoms is given by the product of the
at 1 Torr[70]. The production processes taken into accounsputtering rate and the thermalization profile, whereas the
in the model are electron, Arion, and fast Ar atom impact loss of Cu atoms, which is equal to the production of Cu
excitation to the metastable levébr which the rates are ions, is dictated by electron impact ionization, Penning ion-
calculated in the MC models; see abhivas well as Af ization by Ar metastable atoms, and asymmetric charge
ion—electron radiative recombinatiofwhich is actually transfer with Ar" ions. No loss of Ctii ions in the plasma is
found to be negligible, due to the small rate coefficigttl]). explicitly taken into account, but the boundary condition of
The loss processes include electron impact ionization anthe continuity equation accounts for their loss by recombina-
total excitation from the metastable lev@lso treated in the tion at the cell walls. More information about this Cu-Cu

F. Models for the sputtered Cu atoms and corresponding
Cu® ions

E. Fluid model for the Ar metastable atoms

1 x=—D *ﬁn *
Jarx Ark VNark
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model can be found in Ref72]. tion throughout the plasma, and the fluxes and density pro-

Finally, a MC model is also developed for the Cions in  files of the various ions and electrons. The latter are used as
the CDS, because they are not in equilibrium with the strongnput in the H-H—fluid mode] which uses, for the first it-
electric field in this region, and because this MC model al-eration, also arbitrary production and loss rates for the reac-
lows us to compute the Cuion flux energy distribution, tions treated in the MC models. The results of this
needed to calculate the sputtering rate. More informatiorH-H,—fluid model are, among others, the density profiles of
about this MC model is given in Reff72]. the H atoms and Fimolecules. Using the latter density pro-
files, as well as arbitrary rates for the production and loss
processes treated in the MC models, a run of then&ta-
stable models carried out, yielding, among others, the Ar
metastable atom density. The latter is inserted in the

Because the different plasma species interact with each-H,—fluid modelthat gives updated results for the H and
other, the models used to describe their behavior are couplad, density profiles. A second iteration between the Ar meta-
to each other, and are solved iterativéiye., the output of stable model and the H-Hfluid model is not necessary
one model is used as input in the next modetil final  here, because the results of both models would not change by
convergence is reached. It is important to realize that differmore than 1%i.e., convergence is reachedlso, the cou-
ent kinds of model$MC and fluid are sometimes applied to pling back of the H-H—fluid model to the electron-ion—fluid
the same species and/or in the same spatial regions, becausedel is not carried out at this moment, beca(is¢he new
they yield complementary information. Indeed, a MC modelH and H, densities do not significantly affect the calculation
is used for the fasti.e., nonthermalelectrons in the entire results of the electron-ion—fluid model, afit) a new(and
discharge, and a fluid model is applied to the various ionginnecessajyrun of the electron-ion—fluid model increases
and the thermal electrons in the entire discharge. Transfer ¢he overall computation effort of the modeling network.
data between the two models is the slow electron transfer The electric field distribution, as well as the fluxes of the
rate (from the MC model to the fluid modelbeside other Vvarious ions entering the CDS from the NG, both calculated
production and loss rates for the ionic spedisse below. in the electron-ion—fluid model, are used as input in the MC
Beside the fluid model for the ions, a MC model is alsomodels. Moreover, the density profiles of the H atoms and
developed for the various ion@s well as for the fast Ar H, molecules, and of the Ar metastable atoms, calculated
atoms, but only in the CDS, because it gives a more accuwith the H-H,—fluid model and with the Ar metastable
rate description when the species are not in equilibrium withmodel, respectively, are inserted in the MC models. difie
the electric field, and because it yields the energy distributiofierentMC modelsi.e.,for theAr*, ArH", H*, H; , andH;
of the ions, necessary to calculate secondary electron emigns, the fastAr atoms and the electronsire run consecu-
sion yields and sputter rates. Transfer of data from the fluidively. The output of one MC modé€ek.g., the creation rate of
model to the MC model is the flux of ions entering the CDSother species by chemical reactions in the plasma, or the
from the NG. Hence, both a MC and a fluid model are usedsecondary electron emission rats used as input in the
for the ionic species in the CDS, but we have checked thadther MC models. This consecutive running has to be re-
both models yielded the same results with respect to denspeated a few times, with updated output/input for the other
ties and fluxes. Similarly, for the Cu ions, a fluid model is models, until convergence is reached. This is defined here
used in the entire discharge, and a MC model is applied invhen the ion and Ar atom fluxes arriving at the cathode, stay
the CDS. The flux entering the CDS from the NG is againconstant within 1%(the remaining differences are due to
calculated in the fluid model, and used as input in the MCstatistic3. Typically, about 10—15 consecutive runs have to
model. be carried out before convergence is reached.

The general input for the modeling network is the cell When convergence is reached within the MC models, the
geometry, the gas pressure and temperature, and the dislectron-ion—fluid model, the H-fluid model, and the Ar
charge voltage, as well as transport coefficients and the crossetastable model are calculated again, using now the appro-
sections and rate coefficients of the various processes deriate production and loss rates, as obtained from the MC
scribed in the model. Because the present paper intends todels. Indeed, the rates of electron-, ion-, and atom-
show the capabilities of the modeling network by presentingnduced reactions are calculated in the MC models for elec-
results generally applicable to argon-hydrogen glow distrons, ions, and Ar atoms, respectively, as the number of
charges, we consider as an example a simple cylindricallgollision events per unit volume and unit tinfem 3s™%).
symmetrical cell geometry, with length and diameter equal toThese rates are then used in the right-hand side of the bal-
1 cm. This permits the fluid calculations to be performed inance equations of the species described in the fluid models.
two dimensions: axial and radial directions. The MC simula-Running the fluid models then yields a new electric field
tions are, however, carried out in three dimensions, becaustistribution, new ion fluxes entering the CDS from the NG,
this is mathematically simpler and it reflects reality. The op-and new density profiles of the plasma species. These new
erating conditions taken as example are a dc voltage of 800ata are then again inserted in the MC models, and the pro-
V, a gas pressure of 1 Torr, and a temperature of 300 K. cedure of consecutively running the MC models is repeated,

The simulations start with a run of thedectron-ion fluid in the same way as above. The iteration between the fluid
mode] using arbitrary production and loss rates for the dif-models on one hand, and the various MC models on the
ferent species. This model gives us the electric field distribuether hand, has to be repeated until final convergence is

G. Coupling between the different models in the entire
modeling network
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FIG. 1. Calculated two-dimensional density profiles of the electtapsAr* ions (b), ArH™ ions(c), H* ions(d), Hy ions(e), and I—E
ions(f), in an Ar glow discharge with 1% Haddition at 800 V, 1 Torr, and 300 K. The cathode is found at the left end of the figure, whereas
the other borders of the figure are at anode potential.

reached, which is defined when the ion fluxes bombardindiowever, typically by only a few percentages, and it has a
the cathode as well as the electron and ion densities, allegligible effect on the other models.
calculated in the electron-ion—fluid model, stay constant
within 1%. This takes typically about 5-10 iterations, de- . RESULTS AND DISCUSSION
pending on the initial guesses for the production and loss
rates. The whole calculation procedure can, therefore, To illustrate the results of the modeling network, it is
amount to several days on a professional workstation witlapplied to a simple cylindrically symmetrical glow discharge
alpha-processor. cell with length and diameter of 1 cm. Calculations have
Once convergence is reached for the above-describeokeen performed for a dc discharge voltage of 800 V, a gas
models,the models for the sputtered specas calculated. pressure of 1 Torr, and a gas temperature of 300 K. The
The flux energy distributions of the various ions and the fastorresponding electrical current is then calculated to be in
Ar atoms are used to calculate the amount of sputtering, anthe order of 5 mA(see below. These operating conditions
the thermalization profile of the sputtered Cu atoms. This idiave been taken as an example, because they are typical of
used as input in the Cu/Cu-fluid model to calculate the sputtering glow discharges used for the spectrochemical
further behavior of the Cu atoms and Cions. Output of the  analysis of solid materials; but the model can easily be ap-
latter model is, among others, the flux of Cions entering plied to other dc glow discharge conditions as well.
the CDS from the NG, which is used in the TMC model Figure 1 shows the calculated two-dimensional density
to calculate the trajectory of Cuions on their way toward profiles of the electron&), Ar™ ions(b), ArH* ions(c), H*
the cathode. This yields, among others, the flux energy disons (d), H, ions (e), and H; ions (f), in a mixture of Ar
tribution of Cu* ions bombarding the cathode, which is usedwith 1% H,. The cathode is found at the left end of the
to calculate the updated sputtering rate. Hence, the MGigures(atz=0 cm), whereas the other borders of the figures
model for thermalization of Cu atoms, the Cu/Gifluid  are at anode potential. The density profiles of these species
model, and the MC model for Cuions in the CDS are reach a maximum at about 2—3 mm from the cathode, which
repeated until convergence is reachiddtermined when the is in the beginning of the NG. The electron density is more
sputtering rate does not change anymofigis happens al- or less zero in the CD8which is about 1.5 mm thick at the
ready after 3 or 4 iterations. conditions under study whereas the various ion densities
Subsequently, the output of the three Cu models is inare characterized by low and rather constédmit nonzerp
serted into the MC and fluid models for the electrons, argonyalues in this region, giving rise to a positive space charge in
and hydrogen species. In practice, this has to be done ontjpe CDS. The NG, on the other hand, is characterized by
once, because the sputtered species appear to have onlynearly equal positive and negative space chafiges charge
minor effect on the other models. The main effect is on theneutrality).
Ar metastable atom density, through Penning ionization of The electron densityFig. 1(a@)] has a maximum some-
the sputtered Cu atoms. The Ar metastable density changeshat above 1 cm™2, whereas the maximum Arion den-
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sity [Fig. 1(b)] is about 6< 10** cm™ 3. Because the total ion gas atom density is then 3.¥40' cm 3. The density of
density should be equal to the electron density in the NGthe H, molecules was calculated in the Hy+Hluid model,

this means that the Arions are the dominant ionic species and was also found to be roughly uniform throughout the
in the plasma, at the conditions under study. However, thlischarge, with a value of 3.2210" cm™?, i.e., exactly 1%
ArH* and H ions have also rather high densities, with aof the total gas density, which was given as initial
maximum of about X 10** and 3x 10! cm~3, respectively condition in the model. Hence, this shows that the large
[see Figs. &) and 1f)]. The densities of the Hand H; number of production and loss processes taken into account

ions, on the other hand, are found to be negligible at th(l,n this model(see Sec. ido not really affect the bidensity

conditions under studji.e., with maximum densities in the at the conditions under study.

_ ) The H atom density, as calculated in the H-Huid
3. ’
order of 2<10° cm™*; see Figs. (d) and 1g)]. These results model, was found to reach a maximum of almost 3

are, at least qualjta}tively, consi_stent with findings in the lit- . 1 512'.11=3 at about 3 mm from the cathode, and it de-
erature. Indeed, it is reported in Ref87,38 for pure hy-  (1ea5es gradually toward the cell walliee Fig. 22)]. This
drogen discharges that'Hand H, ions react rapidly in low-  ¢orresponds to a calculated dissociation degree ofihte-

field regions with H molecules to form Hl ions, which do  grated over the entire discharge region, of about 0.35%.
not fragment again, until they move into higher field regions.Hence, this suggests that most of the added hydrogen is
Hj ions are, therefore, the dominant hydrogen ions in low-present in molecular form. On the other hand, although this
field hydrogen plasmaf37,38,74—7% Moreover, in glow value of 0.35% appears to be low, it should be mentioned
discharge mass spectrometry the Arkbn intensities in the that it is still several orders of magnitude higher than the
mass spectrum are often found to be of the same magnitudenization degree of Ar at the conditions under stutpi-

or even higher than the Arion intensity, when small cally 10 °~10 ©) [78]. Moreover, in spite of this low disso-
amounts of H (or H,O) are added to the Ar glow discharge ciation degree, the H atoms still have a quite high density
[17,77]. 1t is worth mentioning here that the ratios in the (even higher than the electrons or any of the ionic spgcies
calculated ion densities illustrated in Fig. 1 are also reflectethence they can be considered as one of the most abundant
back in the ratios of the fluxes of the different ionic species plasma species.

The calculated two-dimensional density profiles of the The Ar metastable atomig=ig. 2(b)] appear to reach a
other species present in the plasma, i.e., the H atoms, Asronounced maximum of%10** cm™2 adjacent to the cath-
metastable atoms, and sputtered Cu atoms and correspondiode, but the overall Ar metastable density in the plasma is
Cu' ions, are illustrated in Fig. 2. The density profiles of Ar calculated in the order of 210'°—2x 10 cm 3. The rea-
gas atoms and fmolecules are not shown, because they areson for this pronounced peak is the production of Ar meta-
constant throughout the discharge. The total gas density atstable atoms by fast Ar ion and atom impact excitation,
Torr and 300 K is simply assumed constant and is calculatedyhich is only important close to the cathode, where the Ar
based on the ideal gas law, to be equal to 3.2dons and atoms reach high enough energies for excitation
X 10'® cm™3. At a mixture of 99% Ar with 1% H, the Ar  [70].
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The calculated Cu atom densitlig. 2(c)] reaches also a effect of H, concentration on the hydrogen-related ions, and
maximum rather close to the cathode, which is logical bethese results are illustrated with small dashed li@so for
cause the Cu atoms are produced at the cathode due to spifa electrons and Arions).
tering. The reason that the maximum is not found back at the The electron and At ion densitiegFigs. 3a) and 3b)]
cathode surface itself is because the sputtered Cu atoms h ﬁ)p with increasing K addition. The effect is quite pro-
initial energies in the order of a few eV, and they travel a
certain distance before they are thermalized and start t
move by diffusion[72,78. Looking at the absolute values . .
(i.e., a maximum of almost 210" cm™2) tells us that the taken into account in the mod@ee Sec. )i . .
sputtered Cu atoms are quite abundant in the plasma, with a The electrons are mainly created by electron impact ion-

density of almost 0.1% of the argon gas atom density, an(ljzation of Ar_atoms(_ord_er Pf 90%, although fast AT. lon

only one order of magnitude lower than the éensity, at the and Ar atom impact ionization also play a non-negligible role

conditions under stud{1% H, addition. (with contributions of several percentag@&his is true both
The corresponding Cuion density is calculated to be in the pure Ar discharge and in the Arslhixture. Indeed, at

about three orders of magnitude lower, with a maximum ofthe H concentrations under study, electron impact ionization
2%x10%m3, at 2—3 mm from the cathode, hence at theof H, molecules was found to be not so important because of

same position as the electron and other ionic species dendhe lower H density (several orders of magnitude lower
ties (see Fig. 1 The ionization degree of Cu is hence calcu-and electron impact dissociative ionization of &hd ioniza-
lated to be about 0.16%, which is somewhat lower than théion of H atoms, were found to be even less important.
dissociation degree of 4 but significantly higher than the Hence, no additional production mechanisms of electrons
calculated ionization degree of Ar.e., order of 10°; see play a significant role in the Ar-Hdischarge, compared to
above and Ref.78]). The reason is that the Cu atoms are notthe pure Ar discharge. However, as far as the loss is con-
only ionized by electron impact ionizatiotwhich is the cerned, there are some extra important loss mechanisms in
dominant ionization mechanism for the Ar atombut two  the Ar-H, discharge. Indeed, in the pure Ar discharge, the
other ionization processes, which are absent for argon, coress of electrons is almost exclusively caused by diffusion to
into play, and are even more important, i.e., Penning ionizathe walls and subsequent recombination at the walls, because
tion by Ar metastable atoms and asymmetric charge transferlectron—Af -ion recombination in the plasma is not impor-
with Ar* ions(see Sec. Il F and also the paragraphs bglow tant(due to the low rate coefficientln the Ar-H, discharge,

In order to understand better the effect of hydrogen on an the other hand, electron-ion recombination with ArH
argon glow discharge, we have compared our calculation reand H; ions plays an important role, because the rate coef-
sults for 1% H addition with the results obtained for a pure ficients for dissociative recombination with molecular ions
Ar discharge. Figure 3 presents the one-dimensional densityre significantly higher. Hence, these additional loss mecha-
profiles (i.e., at the cell axisof the electronga), Ar* (b),  nisms explain the drop in electron density.

ArH* (c), H* (d), H; (e) and H; ions (f), for 1% H, addi- Similarly, the drop in AF ion density as a function of H
tion (solid lineg, in comparison with the pure Ar discharge addition is also caused by additional important loss mecha-
(dashed ling Because the hydrogen-species are not presemisms in the Ar-H discharge, and by the absence of addi-
in the pure argon discharge, we have also carried out calcuional significant production mechanisms. Indeed, electron
lations for a lower H fraction (i.e., 0.19), to investigate the impact ionization of Ar atoms, and to a less extent, fast Ar

nounced, even at the small,ldoncentration of 0.1%. The
Peason for this drop can be explained from the reactions
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ion and Ar atom impact ionization, are again the dominant 3
production mechanisms, both in the pure Ar discharge and ir <_
the Ar-H, mixture. The loss of Af ions, on the other hand, 5§ 2
is mainly attributed to diffusion and recombination at the 5\'-0
walls in the pure Ar discharge, whereas in the Ar-tis- ‘“vI 1
charge, charge transfer and especially H-atom transfer be < —
tween Ar" ions and H molecules(giving rise to H and 0 TrTTprTTT
ArH* ions, respectivelycause an additional loss of the Ar 0.5 3
ion density. z (cm) z (cm)

A drop in these species densities was also experimentally 55
observed in the literatufd —4], based on mass spectrometry <
or Langmuir probe measurements, but several different ex- 5
planations were suggested, e.g., a drop in electron tempere‘v?C>
ture and ion-molecule reactiof$], stepwise ionization into =
highly excited Ar states, followed by quenching down to the § 0.5 \
Ar (4s) metastable levelgt], or fast recombination via mo- 0.0 ERARNRAR ,\I 0
lecular ions[2,3]. The explanation given in Ref3], albeit
for a different discharge plasniee., a cascaded arc plasma
i.e., H-atom transfer between Aand H, gives rise to loss of
Ar* ions and the formation of ArH ions, which can then FIG. 4. Calculated one-dimensional density profilasthe cell
recombine rapidly with electrons, is in agreement with ouraxis) of the H atoms(a), Ar metastable atoméb), sputtered Cu
model observations. Hence, this shows the usefulness of odfoms(c), and Cu ions (d), in an Ar glow discharge with 1% H
model to predict reaction rates in a quantitative manneraddition (solid lineg and 0.1% H addition (small dashed lings
which may help one to provide better insight in experimentaland in a pure Ar dischargevide dashed linesat 800 V, 1 Torr, and
observations. 300 K.

When comparing Figs.(8) and 3b), it is clear that the
drop in densities is more significant for theAions than for
the electrons. The reason is that the densities of th
hydrogen-related ions, i.e., AfH H", H;, and H (Figs.
3(c)—(f)) increase with Haddition, for obvious reasons. The
effect is most pronounced for the'HH;, and H ions, and
is slightly less significant for the ArH ions. Indeed, the
latter are created by H-atom transfer between &ms and
H, molecules. Hence, when,Hs added to the Ar discharge,
on one hand, the Jtoncentration increases, but on the other

hand, the Ar ion density decreases, so that the productionWas found equal to the initial density given as input in the

increases less than an order of magnit(ate would be ex- model, i.e., d_etermined by the percentagg: Hultiplied with
pected from the increase in,ltoncentration As a result of ~ th€ gas density calculated fromsthelgieal gas (aee above
the increase of the hydrogen-related ion densities with HThiS_gives values of 3:210%cm° at 0.1% and 3.2
addition, and because the electron density should be equal 110*cm™ at 1% H,, found to be constant in spa¢and
the total ion density in the bulk plasma, the electron densityherefore not shown hereThe H atom density increases,
drops indeed more slowly than the Aion density. therefore, less rapidly than the, idensity, or in other words,
Keeping in mind that the fluxes of the electrons and thethe dissociation degree drops slightly with &ddition(from
various ions are proportional to the species densities, it isbout 0.6% at 0.1% jHaddition, to about 0.35% at 1%-,H
expected that the total electrical currénthich is calculated addition. The reason is found in the dominant production of
from the sum of the fluxes of the charged specicreases H atoms from dissociative excitation of,hnolecules by Ar
with rising H, addition. Indeed, the rise in fluxes of the metastable atoms. Indeed, the latter species, and hence this
hydrogen-related ions appears to be not significant enough feroduction rate, are becoming less important at higleéh-
compensate for the drop in electron and Aon fluxes. The  centrations(see below, explaining the drop in dissociation
effect is, however, not so big, i.e., the electrical current waslegree.
calculated to be 5.3 mA in the pure argon discharge for the It is worth mentioning here that our calculations predict,
conditions under study, and it drops to 5 mA at 0.1% H indeed, that the production of H atoms by dissociative exci-
addition and 4.7 mA at a fconcentration of 1%. tation of H, due to Ar metastable atoms, is more important
Figure 4 illustrates the calculated one-dimensional densityhan electron impact dissociative excitation. This is in agree-
profiles of the H atomsa), Ar metastable atomé), sput- ment with experimental observations of a strong continuum
tered Cu atomsc), and Cu ions (d), for 0%, 0.1%, and 1% emission in the spectral range 220—440 nm, in Argtbw
H, addition. As expected, the density of the H atofRgy.  discharge§14—14. This continuum is considered to be the
4(a)] increases with Kladdition. The increase is a factor of 6, result of the sequendd4-16,27

1%

IIIII[[IIllI[Il

A}

- -

o
o
et
13
-

2.0
1.5
1.0

|III|III'III]

0 0.5 1 0 0.5 1
z (cm) z (cm)

for an increase in KHaddition of a factor of 1Qi.e., ca. 5
x10"em 2 at 0.1% H, and ca. X10%cm 2 at 1% H,
addition, hence somewhat less than linearly. The calculated
H, density, on the other hand, increases linearly with the
percentage K Indeed, in spite of the large number of pro-
duction and loss processes taken into account in the
H-H,—fluid model (see Sec. )| the calculated K density
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Arp+Hy(X 13 ) —Ar(t So)+Hy(a 3%y), cathode, and hence the important role of Arléns to sput-
tering in an Ar-H discharge, has also been reported in the
Ha(a 33 §)—Hy(b 330+ hu(continuum literature [6]. It was even found6] that, because of this

reason, for certain conditions the sputter rates can reach a
dissociation maximum at 5—20 % hydrogen added to the argon discharge.
Ho(b 33 H+H. As far as the other three hydrogep—rglated iGHS, H;, -
and H;) are concerned, their contribution to sputtering is

An alternative reaction path would be the excitation into thefound to be of minor importance compared to the role of fast
triplet state by electron impact, followed also by dissociationAr® atoms, A¥, Cu*, and ArH" ions at the conditions under
(i.e., reaction no. 9 of Table.IHowever, in Ne-H mixtures, ~ study, i.e., with relative contributions calculated to be 0.03%,
where excitation of the fimolecules by Ne metastables is 0.02%, and 0.04% for H, H;, and H, respectively, at 1%
not possible, no significant continuum was observed undeil, addition. This is explained by their low fluxes when bom-
similar experimental conditiongl6]. This suggests, indeed, barding the cathode, in combination with their low sputtering
that electron impact dissociative excitation is less importangfficiency (due to their low mags

than dissociative excitation by Ar metastables, in agreement The Cu" ion density also decreases with Bddition, and

with our model predictions. the drop is clearly more pronounced than for the Cu atoms.
As mentioned above, the calculated Ar metastable atonthis is attributed to the decreased efficiency of ionization of
density drops at increasingpttoncentration, as is apparent the Cu atoms in the model. Indeed, both the Asn density

from Fig. 4b). This is explained by the quenching of Ar 5nq the Ar metastable density drop with adding td the
metastables due toHnolecules(i.e., dissociative excitation discharge[see above, Figs.(B) and 4b), respectively.
of H, molecules to form H atoms; see abavéhis process, ence, asymmetric charge transfer with™Apns and Pen-
which is of course absent in a pure Ar discharge, is indeeging jonization by Ar metastable atoms, which are found to
found to be an important loss mechanism of the Ar metaye the two most important ionization mechanisms of sput-
stable atoms in the Ar-Hdischarge, especially at high,H (gred cu atoms in a pure Ar glow discharggee below,
concentrations, i.e., we calculated a relative contribution ofecome less important with the addition of. HElectron im-
about 10% at 0.1% § and somewhat above 50% at 1% H pact jonization becomes also slightly less important, because
addition. _ _ of the somewhat lower electron flux, but the effect is less
_ Finally, the sputtered Cu atom and Cion density pro-  pronounced than for Penning ionization and asymmetric
files are shown for 0%, 0.1%, and 1% lddition in Figs.  charge transfer. Hence, as far as the relative contributions of
4(c) and 4d). It appears that the addition obHlso causes a the three ionization mechanisms are concerned, it is found
drop in the densities of these species. The drop in the Cthat Penning ionization and asymmetric charge transfer drop
atom density is attributed to the somewnhat lower sputtering rising H, addition, whereas electron impact ionization be-
flux at rising H, concentrations. Indeed, the sputtering flux comes relatively more important. Indeed, the relative contri-
was calculated to be 5:410'°s* in the pure Ar discharge, pytions of asymmetric charge transfer, Penning ionization,
and this value drops to 4:5610'°s™* at 0.1% H, and 3.9  and electron impact ionization were calculated to be 60%,
X 10'°s™* at 1% H, addition. The reason for this drop is the 3505, and 5% in the pure Ar discharge, whereas at 196 H
lower flux of Ar* ions and fast Ar atoms bombarding the addition, these values change to about 50%, 30%, and 20%,
cathode at increasing -toncentrations. Indeed, both these respectively, for the conditions under study.
species play the most significant role in sputtering, even at This might explain some observations in the literature
considerable bladditions. The relative contributions of fast [17 1§ that a better correlation could be obtained between
Ar atoms and Af ions are calculated to be about 78% andmeasured relative sensitivity factors for different sputtered
17%, respectivelyboth decreasing a few percentages withelements and values predicted by simple empirical equilib-
the H, addition rising till 1%). The two other species playing rium models, when adding Ho an argon glow discharge.
a non-negligible role in sputtering, are the Cions (so-  Relative sensitivity factors are used for quantitative analysis
called self-sputtering, with a relative contribution calculatedin glow discharge mass spectrometry, and they are a measure
to be around 3-5 %, again slightly decreasing with rising H for the ionization efficiency of the sputtered atoms in the
addition) and the ArH" ions. The latter species, of course, do plasma [79]. The above-mentioned equilibrium models
not come into play in the pure Ar discharge, but their relative[17,18 are based on the first ionization potential of the ele-
contribution is calculated to be 1.2% at 0.1% &ddition,  ments, which determines only the cross section of electron
and it rises to 7.5% at 1% Jaddition. impact ionization. Indeed, Penning ionization occurs more or
Hence, in spite of the lower ArHflux bombarding the less unselectivelydepending only on the mass and/or radius
cathode, the ArHi ions play a significant role in the sputter- of the element$80]), as long as the ionization potential of
ing process in Ar-H glow discharges, at considerable, H the elements is below the excitation energy of the Ar meta-
concentrations. The reason is that they are characterized lyable atomsi.e., 11.55 eV. This is the case for almost all
higher energy, and that the sputtering efficiency rises withelements, with the exception of nitrogen, oxygen, and chlo-
energy of the bombarding species, in the energy range aine[79]. Asymmetric charge transfer, on the other hand, is a
interest here. This phenomenon of the higher kinetic energyery selective process, which depends on the availability of
of ArH™ ions compared to Ar ions when bombarding the suitable energy levels of the element ions, which overlap
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closely with the A ion ground statgor metastable level at 1% H, addition. Also, the rg ions have a rather high
[79]. Hence, the better correlation with model predictionsdensity at 1% H addition (i.e., comparable to the ArH
based on the first ionization potential in the Ag-glow dis-  density, which is attributed to the efficient proton transfer
charge suggests that electron impact ionization plays a momeaction between ArH and H,. The densities of H and H;
important role as ionization mechanism of the sputtered ations, on the other hand, are calculated to be several orders of
oms in the Ar-H mixture, compared to a pure Ar discharge, magnitude lower. This calculation result of relatively high
which is in accordance with the trend that we have predicted\rH™ and H; ion densities and low H and H; ion densi-
by using our mode(see above ties is also consistent with findings in the literature
Besides the changing relative contributions of the thred7,37,38,74-7¥F
different ionization mechanisms of the Cu atoms, it remains The calculated drop in Ar metastable atom density as a
true that the efficiency of the three ionization processes defunction of H, addition is due to collisions with fHmol-
creases in absolute values as a function gfaidition, and  ecules, leading to quenching of the Ar metastable level, as
hence that the calculated ionization degree of Cu decreasesell as excitation followed by dissociation of,HThe latter
The ionization degree was calculated to be 0.4% in the pure indeed found to be the most important mechanism for H
Ar discharge, and this value drops to 0.3% at 0.1%ckn-  dissociation(and hence formation of H atomswhich is in
centration, and about 0.16% at 1%, ldddition. Hence, it excellent agreement with experimental observations in the
appears that the calculated ionization degree of Cu is onlfiterature of a strong continuum emission in the spectral
slightly lower but still in the same order of magnitude as therange of 220—-440 nm, typically observed in Ag-lglow
dissociation degree of Hsee above The calculated ioniza- dischargeg14—16. The dissociation degree of,Hvas cal-
tion degree of argon, on the other hand, is still a few ordersulated around 0.35—-0.6 % at 1% and 0.1%addition, re-
of magnitude lower(i.e., typically 10°° at the conditions spectively. This suggests that at the conditions under study
under study, see aboNdor the reasons given above. most of the added hydrogen is present in molecular form.
Nevertheless, the H atom density is still quite significant, and
higher than the electron density or any of the ionic species
IV. CONCLUSION densities.
) . Because the Ar ion and fast Ar atom fluxes bombarding
_ The effect of B added to an Ar glow discharge is inVes- o cathode decrease with, kddition, the amount of sput-
tigated by means of a hybrid modeling network. The lattergying grops and hence also the sputtered Cu atom density.

consists lof a number of MC and flwq models for th'e differ- Indeed, the sputtering is mainly caused by fast Ar atoms and
ent species assumed_ to be present in the plasma, |.e.,+Ar 985 a less extentby Ar* ions. It should, however, be men-
atoms, electrons, Arions, fast Ar atoms, ArH, H™, Hy  ioned that the Ct ions also play a non-negligible roler-
and H; ions, H atoms and fimolecules, Ar metastable at- der of a few percentagesand the contribution of Ari ions
oms, and sputtered Cu atoms and the corresponding Cupecomes also significant at 1%, Hiddition. The latter is
ions. Sixty five different reactions between these species argributed to the higher energy of the AfHons bombarding
taken into account, of which most are treated in the MCthe cathode, in spite of their lower flux, and it is in corre-
models. Typical calculation results of the model include thespgndence with observations in the literat[Be
densities and fluxes of the various plasma species, the role oP Finally, the drop in Cti ion density as a function of H
different production and loss processes for the various speyqdition is due to a combination ¢ the drop in Cu atom
cies, the cathode sputtering rate and contributions by diﬁerdensity and(ii) a drop in ionization efficiency of the Cu
ent bombarding species, the dissociation degree phtl  atoms. Indeed, the latter results from the lowef Aon and
the ionization degree of Ar and of sputtered Cu atoms.  Ar metastable atom densities, leading to a drop in ionization
As an illustration, the calculations are carried out for agf cy atoms by asymmetric charge transfer with" Aons
mixture of Ar with 1% H, addition, and comparison is also gp( Penning ionization by Ar metastable atafins., the two
made with a pure Ar discharge, and with 0.1%4aidition. It most important ionization mechanisms of Cu atpniec-
is found that the densities of electrons, "Aions, Ar meta-  tron impact ionization of Cu atoms also decreases slightly
stable atoms, sputtered Cu atoms and corresponding Cuyith H, addition, but the effect is less pronounced than for
ions all drop as a function of Haddition. A drop in electron  the other two ionization mechanisms. Hence, this means that
and Ar" ion densities is also experimentally observed in thethe relative contributions of asymmetric charge transfer and
literature[1—4]. The reason for the drop in electron density penning ionization drop, whereas electron impact ionization
is the electron recombination with AfHand H; ions, becomes relatively more important. The latter can explain
whereas the drop in Ar density is attributed to H-atom some observations in the literature, with respect to a better
transfer of A" ions with H, molecules. The model predic- correlation between measured relative sensitivity factors and
tions identify the reactions responsible for these effects, andalues predicted by simple equilibrium mod¢ls,18.
these are in excellent agreement with experimental observa- The above model predictions illustrate that our model can
tion [3], albeit for different discharge conditions. The latter explain most of the effects observed experimentally in Ar-H
reaction mechanism between*Aand H, leads to the forma- glow discharges. Exact quantitative comparison with experi-
tion of ArH™ ions, which are therefore also characterized bymental data could not be made, because of the general cell
a relatively high density in the Ar-Hdischarge(i.e., calcu- geometry used here as an example to illustrate the model
lated to be only a factor of 3 lower than the Aion density,  results. The only experimental observation made in the lit-

056402-13



ANNEMIE BOGAERTS AND RENAAT GIJBELS PHYSICAL REVIEW BE55 056402

erature, which cannot yet be predicted with our present ACKNOWLEDGMENTS

model, is the fact that some optical emission lines drop in

intensity whereas other line intensities show a rise as a func- A.B. is indebted to the Flemish Fund for Scientific Re-
tion of H, addition. Indeed, this can only be explained whensearch(FWO) for financial support. This research is also
comparing in detail the energy levels of H atoms angd H sponsored by the Federal Services for Scientific, Technical
molecules, with the energy level schemes of the elementand Cultural affairgfDWTC/SSTQ of the Prime Minister’s
concerned, because a selective mechanjsopulation or  Office through IUAP-IV(Conv. P4/10. Finally, we are very
qguenching of certain energy levels expected to play a role. thankful to A. V. Phelps, for supplying us with the necessary
Such a study is planned for the near future, based on a sydata, for reading the manuscript, and for the many interesting
tematic experimental survey. discussions.

[1] P. F. Knewstubb and A. W. Tickner, J. Chem. Ph§§, 674 [26] V. Aquilanti, A. Galli, A. Giardini-Guidoni, and G. G. Volpi, J.

(1962. Chem. Phys43, 1969(1965.
[2] M. H. Gordon and C. H. Kruger, Phys. Fluids B 1014 [27] C. R. Lishawa, J. W. Feldstein, T. N. Stewart, and E. E. Mus-

(1993. chlitz, Jr., J. Chem. Phy83, 133(1985.
[3] R. F. G. Meulenbroeks, A. J. van Beek, A. J. G. van Helvoort,[28] B. L. Peko, R. L. Champion, and Y. Wang, J. Chem. Pyl

M. C. M. van de Sanden, and D. C. Schram, Phys. Red0,E 6149(1996.

4397(1994). [29] B. L. Peko and R. L. Champion, J. Chem. Phg87 1156
[4] R. S. Mason, P. D. Miller, and I. P. Mortimer, Phys. Re\b% (1997.

7462(1997. [30] I. N. Brovikova, E. G. Galiaskarov, A. M. Islyaikin, and V. I.
[5] F. L. Tabares and D. Tafalla, J. Vac. Sci. Technoll4\ 3087 Svetsov, High Temp37, 503 (1999.

(1996. [31] A. Bogaerts and R. Gijbels, J. Anal. At. Spectrofrh, 441
[6] C. V. Budtz-Jorgensen, P. Kringhoj, and J. Bottiger, Surf. Coat. (2000.

Technol.116, 938 (1999. [32] K. Hassouni, T. A. Grotjohn, and A. Gicquel, J. Appl. Phgs,
[7]J. T. Gudmundsson, Plasma Sources Sci. Tech8ol58 134(1999.

(1999. [33] B. Gordiets, M. Pinheiro, E. Tatarova, F. M. Dias, C. M. Fer-
[8] A. Manenschijn, G. C. A. M. Janssen, E. van der Drift, and S. reira, and A. Ricard, Plasma Sources Sci. Tech®8pl295

Radelaar, J. Appl. Phy$9, 1253(1991). (2000.
[9] S. B. Radovanoy, J. K. Olthoff, R. J. Van Brunt, and S. Dju- [34] P. H. de Haan, G. C. A. M. Janssen, H. J. Hopman, and E. H.

rovic, J. Appl. Phys78, 746 (1995. A. Granneman, Phys. Fluid5, 592 (1982.
[10] M. Capitelli and M. Dilonardo, Chem. Phy&4, 417 (1977. [35] C. F. Chan, C. F. Burrell, and W. S. Cooper, J. Appl. Pio.
[11] M. Kuraica and N. Konjevic, Phys. Rev. 46, 4429(1992. 6119(1983.
[12] M. Kuraica, N. Konjevic, M. Platisa, and D. Pantelic, Spectro- [36] O. Kukumasa, J. Phys. P2, 1668(1989.

chim. Acta, Part B47, 1173(1992. [37] A. C. Dexter, T. Farrell, and M. I. Lees, J. Phys. 22, 413
[13] R. Videnovic, N. Konjevic, and M. Kuraica, Spectrochim. (1989.

Acta, Part B51, 1707(1996. [38] T. Simko, V. Martisovits, J. Bretagne, and G. Gousset, Phys.
[14] V.-D. Hodoroaba, V. Hoffmann, E. B. M. Steers, and K. Rev. E56, 5908(1997.

Wetzig, J. Anal. At. Spectronil5, 951 (2000. [39] O. Leroy, P. Stratil, J. Perrin, J. Jolly, and Ph. Belenguer, J.
[15] V.-D. Hodoroaba, V. Hoffmann, E. B. M. Steers, and K. Phys. D28, 500(1995.

Wetzig, J. Anal. At. Spectronil5, 1075(2000. [40] T. G. Beuthe and J.-S. Chang, Jpn. J. Appl. Phys., P&&, 1
[16] V.-D. Hodoroaba, E. B. M. Steers, V. Hoffmann, and K. 4576(1999.

Wetzig, J. Anal. At. Spectronil6, 43 (2001). [41] A. V. Phelps and Z. Lj. Petrovic, Plasma Sources Sci. Technol.
[17] R. W. Smithwick Ill, D. W. Lynch, and J. C. Franklin, J. Am. 8, R21(1999.

Soc. Mass Spectromd, 278 (1993. [42] H. Winter, F. Aumayr, and G. Lakits, Nucl. Instrum. Methods
[18] M. Saito, Anal. Chim. Acta855, 129(1997). Phys. Res. B8, 301(199).
[19] B. Mdiller, Ch. Ottinger, and M. Yang, Z. Phys. B20, 61  [43] A. V. Phelps (private communication and ftp:/

(1985. jila.colorado.edu/collisiondata
[20] M. A. A. Clyne, M. C. Heaven, K. D. Bayes, and P. B. [44] H. A. Hyman, Phys. Rev. &0, 855 (1979.

Monkhouse, Chem. Phyd7, 179 (1980. [45] H. A. Hyman, Phys. Rev. A8, 441(1978.
[21] K. R. Ryan and I. G. Graham, J. Chem. PHy8.4260(1973. [46] S. J. Buckman and A. V. Phelps, J. Chem. PI83. 4999
[22] P. Tosi, Chem. Re\92, 1667 (1992. (1985.
[23] N. Sadeghi and D. W. Setser, Chem. P35.305(1985. [47] H. Tawara, Y. Itikawa, H. Nishimura, and M. Yoshino, J. Phys.
[24] N. G. Adams, D. K. Bohme, D. B. Dunkin, and F. C. Fehsen- Chem. Ref. Datd 9, 617(1990.

feld, J. Chem. Phys2, 1951(1970. [48] A. G. Engelhardt and A. V. Phelps, Phys. Re81, 2115
[25] A. E. Roche, M. M. Sutton, D. K. Bohme, and H. I. Schiff, J. (1963.

Chem. Phys55, 5480(1972. [49] R. K. Janev and J. J. SmitAtomic and Plasma-Material In-

056402-14



EFFECT OF SMALL AMOUNTS OF HYDROGEN ADDED. . .. PHYSICAL REVIEW B5 056402

teraction Data for FusionIAEA, Vienna, 1993, \ol. 4. [66] M. Bourene and J. Le Calyel. Chem. Phys58, 1452(1973.
[50] L. Vriens, Phys. Lett8, 260 (1964). [67] J. E. Velaczo, J. H. Kolts, and D. W. Setser, J. Chem. P6§;s.
[51] A. Bogaerts, R. Gijbels, and W. J. Goedheer, J. Appl. PAgs. 4357(1979.

2233(1995. [68] B. J. Wood and H. Wise, J. Chem. Phg$, 1416(1958.
[52] A. V. Phelps, J. Appl. Physi6, 747 (1994. [69] B. J. Wood and H. Wise, J. Phys. Che6&, 1976 (1961).
[53] A. V. Phelps, J. Phys. Chem. Ref. D&, 557 (1992. [70] A. Bogaerts and R. Gijbels, Phys. Rev5&, 3743(1995.
[54] A. V. Phelps, J. Phys. Chem. Ref. Data, 883 (1992. [71] A. Bogaerts, M. van Straaten, and R. Gijbels, J. Appl. Phys.
[55] P. S. Krstic and D. R. Schultz, Phys. Rev68, 2118(1999; 77, 1868(1995.

also: http://www-cfadc.phy.ornl.gov/elastic/elasticAr.html [72] A. Bogaerts and R. Gijbels, J. Appl. Phyz9, 1279(1996.

[56] A. V. Phelps, J. Phys. Chem. Ref. Ddt8, 653 (1990.

[57] T. Tabata and T. Shirai, At. Data Nucl. Data Tablé§ 1
(2000.

[58] Z. Donko, Phys. Rev. B4, 026401(2001).

[59] Z. Lj. Petrovic, B. M. Jelenkovic, and A. V. Phelps, Phys. Rev.
Lett. 68, 325(1992.

[60] J. O. Hirschfelder, C. F. Curtiss, and R. B. Bindplecular

[73] N. Matsunami, Y. Yamamura, Y. Itikawa, N. Itoh, Y. Kazumata,
S. Miyagawa, K. Morita, R. Shimizu, and H. Tawara, At. Data
Nucl. Data Tabless1, 1 (1984.

[74] B. M. Penetrante and E. E. Kunhardt, J. Appl. PI5%.3383
(1986.

[75] O. Luhr, Phys. Rew44, 459 (1933.

Theory of Gases and Liquidsviley, New York, 1964. [76] J. Bretagne, G. Gousset, and T. Simko, J. Phy27D1966
[61] K. B. McAfee, Jr., D. Sipler and D. Edelson, Phys. R&60, (1994.
130 (1967. [77] P. H. Ratliff and W. W. Harrison, Spectrochim. Acta, Pad®
[62] E. E. Ferguson, At. Data Nucl. Data Tabtkg 159 (1973. 1747(1994.
[63] D. L. Albritton, At. Data Nucl. Data Tableg2, 1 (1978. [78] A. Bogaerts and R. Gijbels, Anal. Che8, 2676(1996.
[64] D. L. Scharfetter and H. K. Gummel, IEEE Trans. Electron [79] A. Bogaerts and R. Gijbels, J. Anal. At. Spectrofii, 841
Devices16, 64 (1969. (1996.
[65] L. G. Piper, J. E. Velazco, and D. W. Setser, J. Chem. Pfys. [80] L. A. Riseberg, W. F. Parks, and L. D. Schearer, Phys. Rev. A
3323(1973. 8, 1962(1973.

056402-15



