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Particle-in-cell /Monte Carlo simulations of a low-pressure capacitively
coupled radio-frequency discharge: Effect of adding H > to an Ar discharge
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A one-dimensional particle-in-cell/Monte Carlo code with three velocity components is developed
to simulate a capacitively coupled radio-frequency Ar/dHischarge at low pressure, and to
investigate the effect of adding hydrogen to an argon discharge. This self-consistent kinetic
simulation technique allows one to study fundamental processes in the discharge at the molecular
level. It is shown that the addition of small amounts oftd an Ar discharge has profound effects

on the discharge behavior, i.e., a change in the electron energy probability function, an increase in
the electron density at low Hcontent and a decrease at higherdéntent, as well as a dip in the

Ar* ion density in the center of the discharge at higher pressure. These effects can be explained by
the collision processes taking place in the discharge. The simulations were carried out in the
pressure range 50—250 mTorr, at voltages of 300 and 800 V, while jtheoktent was varied
between 0% and 10%, at a constant driving frequency of 13.56 MHz20@3 American Institute

of Physics. [DOI: 10.1063/1.1563820

I. INTRODUCTION in order to gain a better understanding of the dynamics of
this kind of discharge. A better understanding of the dis-
Argon/hydrogen discharges are frequently used for sureharge behavior is imperative to improve the existing appli-
face cleaning purposesand sputter-deposition processes. cations. Particle-in-cell(PIC) and particle-in-cell/Monte
Moreover, they are also a topic of interest for analyticalCarlo (PIC-MC) simulations have been used extensively to
applications* It is stated that the presence of Has a cru-  study the fundamental processes in CGBE® but to the
cial influence on the discharge properties of an argorauthors’ knowledge, no attempt has been made so far to
discharge'* An overview of the possible reactions in an model an Ar/H discharge by PIC-MC simulations. The dif-
Ar/H, discharge is given by Bogaefis. ferent discharge behavior, observed between a pure Ar dis-
Experimentally, Masonet al® studied the anomalous charge and an Ar/Hdischarge, can be explained in terms of
loss of ionization in an Ar/k plasma by fast flow glow the collision processes in the plasma. In Sec. II, the model
discharge mass spectrometry. The loss of ionization was awill be briefly described, whereas Sec. Il will deal with the
tributed to the loss of highly excited Ar atoms, which areresults. Finally, a summary and conclusion will be given in
assumed to be the precursors for most of the ions. Ar/HSec. 4.
discharges were also investigated by Meulenbretlad 1°in
a cascaded arc plasma. They explain the loss of ionization a6 THE PARTICLE-IN-CELL/MONTE CARLO MODEL
a result of molecular processes, such as the proton transféOR Ar/H, DISCHARGES
between Af and H, yielding ArH", followed by an effi-
cient recombination reaction between electrons and *ArH
Electron energy distribution functiondEEDFS have been In the PIC method, so-called “superparticles” move in
measured experimentally for Arjrtapacitively coupled dis- the discharge space through an artificial grid on a timestep
chargegCCDs by Milller.” lon energy distribution functions basis. Each of these superparticles represents typically about
in Ar/H, mixtures were measured in a planar inductive dis-10° real particles_. Only charged particles are simulated with
charge by Gudmundssbnand in CCDs by Manenschijn these superparticles; neutrals are assumed to form a con-
et al,’2 Radovanowet al,™ and Djurovic** tinuum. In the beginning of the simulation, every charged
Argon/hydrogen discharges have not been modeled exparticle is assigned to a gpe_cific position on the _gri_d, Iead_ing
tensively yet: in literature, a hybrid Monte Carlo—fluid to a self-generated electric f!e_ld.A_certam potentla_\l is apphe_d
modeP® for a direct current glow discharge and a model?t one of the_electrodes,_ giving rise to the applied glectrlc
based on particle balance equations for a thermal plgsmaf'eld- The partlcl_es move in response to both the app_lled_and
can be found. self-generated fields, according to Newton’s laws. This gives
In this article, we study the influence of small amounts'ise to positions for the particles, changing the self-created

of hydrogen in an Ar capacitively coupled rf discharge tor field, and hence changing the force acting on the particles.

different pressures, voltages, and partial hydrogen pressurddathematically, this is done every timestep by fintight-
ing the positions of the particles to the grid, yielding the

charge densities on the grid points. The potential and electric
dElectronic mail: erik.neyts@ua.ac.be field on the grid points are then determined from the calcu-

A. Basics of a particle-in-cell /Monte Carlo model
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lated charges, by Poisson’s equation. A weighting procedurB. Particle-in-cell-Monte Carlo model for the Ar  /H,
is applied again, to obtain the forces on the positions of theélischarge

particles from the previously obtained field on the grid A PIC-MC model is developed to simulate an Ag/H

points. From the force on the positions of the particles, ﬁrStdischarges. The MC module is based on the model of Vahedi
the velocity of every particle is calculated and, from the ve-,4 5yrendr&? Our model takes into account five differently
locity, the position is determined, using a modified Ieap'frogcharged particle species, i.e., electrons; Ams, ArH" ions,
algorithm. After the particles are placed in their positions, aHZ+ ions, and H ions. H atoms and H ions are not taken
Monte Carlo algorithm is used to simulate collisions between;, account, due to their very low densities. This approxi-
particles. Both charged—neutral particle collisions and,,~tion is only valid if the dissociation degree of i$ suf-
charged-charged particle collisions are considered. This prQjgiently |ow, which is indeed expected at the conditions un-
cedure is repeated for many timesteps, until convergence {g. rydy? Furthermore, excited atoms and molecules are

reached. _also not followed as particles. Therefore, excitation reactions

In the MC module, a random number between 0 and 1 i§e e only as an effective energy sink for the electrons.
chosen to determine for every particle whether or not a col- The atoms and molecules are assumed to be uniformly

lision occurs. If a collision tak'es place, g_second randonHistributed throughout the discharge space, with a Maxwell-
number is generated to determine the collision type. The eng velocity distribution at a gas temperature ®fa
ergy and direction of the particles after the collision are de-_ 5 og eV (300K). Since in these discharges the ionization
termined, depending on the collision type, again using rangeqree js fairly low (- 10-°), and since also the dissociation
dom numbers. We make use of the “null-collision” yoqree for H is low enougl? all neutrals are given a pre-

method:® In this approach, a ficticious collision process yefinaq density which remains fixed throughout the time
(null-collision) is introduced, with a collision frequency such evolution of the discharge.

that when it is _aned to the sum of the collision freqqenmes The reactions taken into account in the model are given
of the real collision processes, a constant total collision fre;

Y . ) ' in Table I; the choice of reactions was based on the over-
quency over position and energy is obtained. In this way, the,.,\ < given by Bogaerfs® It must be mentioned that no

maximgm fraction of the tOtaI, rllum'ber of particles in the rotational excitation reactions of Hvere incorporated in the

simulation that undergo a collisioeither a real or a null 46| since the threshold for these reactions is very low.

collision) during a timesteft, is given by Therefore, we assume that the energy loss of the electrons
due to these reactions will be negligible. The separation be-

Poui=1—exp(—v'At), (1) tween elastic scattering and symmetric charge transfer of
Ar* ijons with Ar atoms(see Table)lis purely artificial, and
where is introduced since it parallels collisions between nonidenti-
cal particles® e.g., between argon ions and hydrogen mol-
v =max n;orv)=maxn)max orv). (2)  ecules.
X, € x € The three recombination reactions are treated as electron

impact collisions. However, since the target species in these

In Eqg. (2), the subscripts under max denote the quantatieseactions (H , Hy , or ArH") do not have a uniform density
over which the maximum is taken. In E), x denotes the distribution in the discharge, these reactions can only be
position, € is the energy of the incident particle, is the  modeled by the null-collision procedure, when taking into
density of the incident particles;; is the total cross section account the dependence of the total collision frequency on
for every species, and is the velocity of the incident par- the position-dependent density of the target species. Instead,
ticle. However, this implies that the density of the targetwe chose to model these reactions making use of reaction
particles is constant in space. This means that the approachte constants.
can only be used when the target particles are neutral gas
molecules, which are assumed in our model to be uniformly
distributed throughout the discharge volume. In this proce-

. . Ill. RESULTS
dure, the collision probability must be calculated only once,

instead of every timestep. This avoids looking up the kinetic  The simulations are carried out for a discharge cell with
energy of each particle at every timestep, thus speeding Ufyo parallel equal electrodes, and an interelectrode distance
the code. d=2.5cm. Calculation results will be presented for dis-
Another speeding-up procedure used in the code is t@harge voltages of 300 V and 800 V, and pressures in the
apply different timesteps for ions and electrons. Since i0ngange 50—250 mTorr. The hydrogen concentration is varied
move much more SlOWIy in the electric fleld, due to their between 0% and 10%. The electron energy probabmty func-

larger mass, a larger timestep can be used, e.g., one igyns (EEPF$ presented next were calculated in the middle
timestep is equal to ten electron timesteps. A description off the discharge.

different speeding up procedures for PIC-MC simulations N )
can be found in Ref. 30. A more thorough description of the” Electron energy probability function

PIC method can be found in Birdsal and Langdbithe The EEPF is defined as
basic ideas of PIC-MC are given in more detail by
Vahed;!%32 f(e)=F(e)-e 2 ©)
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TABLE |. Reactions taken into account in the model, and references from which the cross sections or reaction

rate constants were adopted.

Reaction

Reaction type

Reference No.

e+Ar — e+Ar

e+Ar — e+Ar*

e+Ar — 2e+Art

et+H, — e+H,

etH, — e+H3(v)

et+H, — et H;(s)

e+H, — 2e+Hj

e+H, — e+Hj(t)—e+2H

e+H; — 2H

e+H; — H+H,
e+ArH" — H+Ar
Art+Ar — Art +Ar
Art+Ar — Ar+Ar*
Arf+H, — Ar+H;
Arf+H, — ArH* +H
Hy +H, — Hy+Hy

Hy +H, — H +H
Hi+Ar — ArH"+H
Hy +Ar — Hy+Ar*

Hy +Ar — Hi +Ar

Hi +Ar — ArH* +H,
Hs +Ar — HY +H,+Ar
ArH* +Ar — ArH* + Ar
ArHT +H, — ArHT +H,
ArHT +H, — H +Ar

elastic scattering 33
excitation 33
ionization 33
elastic scattering 34
vibrational excitation 34
singlet excitation 34
ionization 34
triplet excitation, followed by 34
dissociation

recombination 35
recombination 35
recombination 35
elastic scattering 19
symmetric charge transfer 19
charge transfer 36
H-atom transfer 36
symmetric charge transfer 37, 38
proton transfer 37, 38
proton transfer 36, 39
charge transfer 36, 39
elastic scattering 36, 39, 40
proton transfer 36, 39, 40
collision-induced dissociation 36, 39, 40
elastic scattering 39
elastic scattering 39
proton transfer 39

whereF () is the EEDF, anck is the electron energy. The consistently. The EEPFs that are presented here were calcu-
EEPF is normalized such that the integral over the energjated in the bulk of the discharge. In the sheaths, deviant
equals 1. The EEPF is plotted instead of the EEDF to easilglistributions are formednot shown.

distinguish  between

Maxwellian,

bi-Maxwellian,

In Fig. 1, the EEPFs are shown for a discharge at 300 V

Druyvenstein-type energy distributions. In a PIC-MC simu-at a pressure of 100 mTorr, for pure argon, and for Ar/H
lation, no assumptions have to be made according to thmixtures with 1%, 5%, and 10%J4tontent. It can be seen
EEDF, and the latter arises naturally from the discharge dythat the Ar/H discharges exhibit a more bi-Maxwellian be-
namics. Therefore, the resulting EEDF is generated selfhavior than the pure Ar case, and that the difference between

10"
10°
10"
107

102

EEPF (eV™

10
107
10°¢

107

FIG. 1. Calculated EEPF for argddashed ling and admixtures of 1% H
(solid line), 5% H, (thick solid line, and 10% H (thick dashed ling at 300
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the Ar and the Ar/H discharges is the largest at the lowest
H, content. It appears alg@rom the inset in Fig. Lthat the
fraction of very low-energy electronsvith energies smaller
than about 0.8 eVis increased in the Ar/kcases in com-
parison with the pure Ar case, and the increase is larger for
the lowest H content investigated. On the other hand, the
fraction of electrons with energies in the range 1-8 eV is
lower in the Ar/H, cases than in the pure argon case. At even
higher energies, the fraction of electrons with a certain en-
ergy again becomes higher than in the Ar case, and this also
seems to be related to the percentage ofaHded. As more
H, is added, the fraction of electrons above a certain energy
becomes higher than in the Ar case at lower enére§.5 eV
for 10% H,, ~12.5 eV for 5% H, and at about 35 eV for
the 1% H, case, not visible on this scale

These phenomena can be explained as follows. A bi-
Maxwellian energy distribution is usually attributed to sto-
chastic electron heating in the rf sheaths, and in argon, it is
enhanced by the Ramsauer efféctThis mechanism for
electron heating is most significant at low pressure, whereas
at higher pressure, electrons will be heated mainly collision-

V and 100 mTorr. The inset is a magnification of the very low-energy partdlly, Yielding a Druyvenstein-type distribution. The increase
for argon(dashed lingand the Ar/1% H mixture (solid line).

in very low energetic electrons in the ArfHnixtures is due
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to the very low vibrational excitation threshold fop ldt 0.54
eV, serving as an effective energy loss for electrons with
energies somewhat above this threshold. When adding more
H,, this effect becomes more important, since the probabil-
ity for this reaction increases. On the other hand, upon add-
ing more H, the fraction of argon atoms decreases, so that B
also the Ramsauer effect becomes smaller. These two effects
oppose each other. It is expected that at lowgrchntent,
where the Ramsauer effect is still significant, the excitation
reaction is predominant, leading to a strong increase in very
low-energy electrons, while at higher,Hontent, the de-
creasing Ramsauer effect somewhat reduces the effect of the
excitation reaction, so that there is still an increase in the
fraction of very low-energy electrons compared to the pure
argon case, but to a lesser extent.
The inflexion points of the EEPFs in the Ai/ldischarge
at low energy are situated around 2.5 eV, around the energy
for which this vibrational excitation reaction has a maximum
in its cross section. Therefore, the fraction of electrons witheg. 2. calculated EEPF for argddashed ling and admixtures of 1% 4
energies in the range 1-8 eV is lower in the Arithses than  (solid line), 5% H, (thick solid lin®, and 10% H (thick dashed ling at 300
in the pure argon case. This explains why the EEPFs ar¥ and 250 mTorr.
more bi-Maxwellian type than the EEPF of pure Ar. Indeed,
the fraction of electrons with an energy below 2.5 eV in-
creases more rapidly with decreasing energy than in the ARressure of 100 mTorr, as shown in Fig. 3 for pure argon, 1%
case because of the important vibrational exitation reactionand 10% added } again the influence of adding,Hs
Further, the fraction of electrons in the A/lmixtures at ~ clearly visible. When comparing with the 300 V case, the
higher energy again becomes higher than the fraction of ele2ower dissipated in the discharge increases by an order of
trons in the argon discharge, and this occurs at increasingiagnitude, as does the electron density, while the average
energy for decreasing ttontent, as mentioned before. This €lectron energy slightly decreases. The distributions, how-
can be explained by looking at the reaction rates for thos€Vver, do not differ much from the 300 V case: in all cases a
reactions with a high threshold energy: lonization and excibi-Maxwellian distribution is formed, being more pro-
tation of argon, and ionization and singlet excitation of hy-nounced in the Ar/10% K case, and somewhat less pro-
drogen. lonization and singlet excitation of lanly play a  nhounced in the Ar/1% kicase.
minor role as an energy loss mechanism for the electrons as When comparing EEPFs for different pressures, as is
compared to the electron energy loss due to ionization anghown in Fig. 4 for pure argon and in Fig. 5 for Ar/1%H
excitation of argon. However, both excitation and ionizationit can be seen that the evolution from a bi-Maxwellian dis-
of argon decrease upon the addition of.HTherefore, a
smaller fraction of the high-energy part of the electrons loses

EEPF (eV¥*

0 5 10 15 20 25
Energy (eV)

energy in these processes, so that more electrons with high 10!
energy retain their energy, eventually leading to a higher - - - Ar
fraction of high-energy electrons than in the argon case. Fi- 1_00 1% H,
nally, the behavior of the EEPF at high energy is also a direct N - T T 10%H,
consequence of the behavior at lower energy, and of the fact 10
that the EEPFs are normalized to 1. —~102
When turning to higher pressure, Fig. 2 shows that in- *\“>
stead of a bi-Maxwellian distribution, the EEPF's are now 310'3
formed more Druyvenstein type, since the discharge will be » y
more dominated by collisions. As a result, the order of the 5 10
high-energy tails for these cases should be more apparent. 107
Indeed, Fig. 2(for 250 mTory shows, more clearly than in
Fig. 1, a higher fraction of high-energy electrons for the 10°°
Ar/H, mixtures than for pure argon. This relative big differ-
ence in the fraction of the high-energy electrons is also at- 107
tributed to the increased dissipated power with increasgd H 0 5 10 15 20 25
content, for the same applied voltage. This might also ex- Energy (eV)

plain why the fraction of low-energy electrofiswer than 2
eV) lowers, as more bis added(see Fig. 2 The EEPFs FIG. 3. Calculated EEPF for pure argéuashed ling and admixtures of

shift toward the higher-energy direction. 1% H, (solid line), and 10% H (thick dashed ling at 800 V and 100
Turning now to a higher applied voltage of 800 V at low mTorr.
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FIG. 6. Calculated time-averaged electron density profiles for pure argon

(dashed ling and admixtures of 1% f(solid line), 5% H, (thick solid
line) and 10% H (thick dashed ling at 300 V and 100 mTorr.
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plained. It is also clear that at low levels of, ldontent(in
this case 1% the reduction of the Ramsauer effect is negli-
gible.

20 25

FIG. 4. Calculated EEPF for argon at different pressures at 300 V.

B. Density profiles

In Figs. 6 and 7, the time-averaged electron density pro-

tribution to a Maxwellian one occurs already at lower pres-fjjes are shown for an applied voltage of 300 V and pressures
sure in pure argon than when hydrogen is added. This indig; 100 mTorr and 250 mTorr, respectively, for pure argon,
cates that the addition of hydrogen favors the formation of &4 admixtures of argon with 1%, 5%, and 10% Hhe

bi-Maxwellian distribution, which has already been ex- EEpgs of these discharges were shown in Figs. 1 and 2

respectively. In literature, it was already demonstrated that
the additions of hydrogen to an argon discharge lowers the
electron density:*° This phenomenon is also confirmed by

&
go?i\‘ S our results for all admixtures, except for the case with 196 H
%Q\/\o‘ Do at 100 mTorr and 300 V. For adding only 1% kit 100
AN q/QQ/ mTorr and 300 V, our model predicts that the electron density
I\QQ increases instead of decreases relative to the pure argon dis-
10 charge.
10°
10" r - 25 4
~ -2 i (6-\ |
TE 5 20 ot
3 10° ;_ "'“9 | //,/ \\\
o E N = 15 —+ / N
=10tk 2z | \
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FIG. 5. Calculated EEPF for the Ar/1%,Hhixture at different pressures at

300 V.

FIG. 7. Calculated time-averaged electron density profiles for pure argon
(dashed ling and admixtures of 1% fH(solid line), 5% H, (thick solid
line) and 10% H (thick dashed ling at 300 V and 250 mTorr.

Downloaded 03 Sep 2003 to 128.101.98.21. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



5030 J. Appl. Phys., Vol. 93, No. 9, 1 May 2003 Neyts et al.

We believe that the reason for this increase in electron
density at 100 mTorr when adding 1% of lds compared to
the pure argon discharge, can be found in the EBRE: 1).
Indeed—as explained herein—the fraction of very low-
energy electrons is higher than in the pure argon case by a
factor of about 2—3, while the fraction of higher-energy elec-
trons is lower. Therefore, upon the addition of 1%,Hhe
number of electrons being “captured” in the middle of the
discharge increases as compared by the pure argon case,
leading to a reduced loss of electrons at the walls.

As far as the decrease in electron density upon the addi-
tion of H, is concerned, it was previously attributed in litera-
ture to the so-called “loss of ionization”. This loss of ion-
ization was explained MeulenbroéRdy a combination of
two reactions; i.e., H-atom transfer:

Density (xlO9 cm'3)

(1) Art+H,—ArH"+H,

5 —
followed by an efficient recombination reaction 1 (b o
(2) ArH"+e —Ar+H*, 4 | 5%H.
while Masor! assumed this loss of ionization to be due to a (?E ]
decrease in the density of highly excited metastable levels of @; 3
Ar, which would be the precursors for most ions. = |
However, in our simulations, this loss of ionization can- g
not be explained by the first mechanism, since reac@pis Z 27
.o . =
found to be negligible for the conditions under study, con- A i

tributing to the electron loss for less then 1% at the condi-
tions under study. Also the second mechanism cannot explain
our results, since metastables are not included in the model. 1

We believe that the decrease in electron density in our W=
case can be found by looking at the relative importance of
several reactions. The aforementioned reactibnis the
main mechanism for the formation of AfHions (~84% at 3 e-
100 mTorr and~80% at 250 mTorr, almost independent of ()
the H, conten}, and also an important mechanism for the 4
loss of Ar" ions at 100 mTorr when more than 1% of i$
added. At 100 mTorr and 1% added, Hthis reaction is
responsible for only 24% of the Arloss, which is low com-
pared to when 5% Kis added(62% and 10% H added
(64%). Also, at 250 mTorr, this reaction is the main mecha-
nism for Ar* loss: 56% at 1% added K 75% at 5% added
H, and 81% at 10% added,H

When more than 1% hydrogen is added at 100 mTorr, or
for all hydrogen contents at higher pressure, the ion—
molecule reactions become much more importa# can
also be seen in the ion densities, see naxhder these con-
ditions, the positive charge is now not only preserved by an 0.0 0.5 1.0 15 20 25
ionization process creating also electrons, but also by ion— Position {cm)

molecule r.eac.tions' Both ArHand. Fg » providing a signifi- FIG. 8. Calculated electron and ion density profiles at 300 V and 100 mTorr
cant conFnb_uno_n to the total positive ch_arge, cannot b_e crez, '(a)' the Ar1% Hy mixture, (b) the Ar/5% Hp mixture, and(c) the
ated by ionization. Only three mechanisms are possible @109 H, mixture.

explain the decrease in electron density gsisHadded:(1)

recombination of electrons with ion§2) a decrease in the

ionization rate, and3) increased electron loss at the walls. It adding H (this is the only reaction which creates a substan-
turns out that the recombination reactions play only a verytial amount of electrons as well as a increase in the loss of
minor role in the discharge, responsible for less than 1% oélectrons at the walls.

the electron loss under all circumstances. From our simula- The effect of the addition of hydrogen is also clear in the
tion results, we conclude that botB) and (3) are correct: ion density profiles, as shown in FigsaB-8(c) for 300 V,

There is a decrease in the ionization rate of argon wherd00 mTorr, and 1%, 5%, and 10% added hydrogen, respec-

)
\N

Density (x 10° cm™)

AN ,
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tively. At low hydrogen concentratiofl%), the main ion 6 —
remains Af, while ArH* is of minor importance. The other (a)
positive ions (H and H;) are negligible. Upon the addition
of more hydrogen5% and 10%, Figs. ®) and 8c)], it
becomes clear that the ion—molecule reactions now dominate
the discharge, so that Arand ArH" almost reach the same
density. Also, the presence ofjH-which can only be cre-
ated by ion—molecule reactions—becomes important for the
maintenance of electroneutrality, having a maximum density
only about 2.5 times lower than AfH The H, density un- 2
der these conditions is still negligible having a maximum
density of about 1¥m™3, i.e., two orders of magnitude i
lower than the other ions. These observations are consistent
with the increasing importance of the ion—molecule reac-
tions, altering the charge buildup and preservation in the dis-
charge. At this low pressur€l00 mTory, all species still
have their maxima in the middle of the discharge.

When turning now to higher pressuiz50 mTor) at 300
V, for 1%, 5%, and 10% added hydrogen, as shown in Figs.
9(a)—9(c) respectively, an important change in this behavior
is observed. Even at the lowest content of iHvestigated
(19%), ArH" becomes important for preserving electroneu-
trality, having a maximum density about half of the *Ar
density. The most remarkable effect however is the shift of
the maximum At density from the middle of the discharge
toward the edges of the sheaths. The depletion of iin
density in the middle of the discharge is accompanied by a
maximum in the ArH and H; densities. Since the maxi-
mum of the A" ion density is no longer in the middle of the
discharge, the sum of the ion densities becomes a plateau
instead of a real maximum. Because the total ion density in
the bulk of the discharge should be equal to the electron
density due to electroneutrality, this results in a flat-shaped
electron density profile in the middle of the discharge. We
believe that this effect is a consequence of the formation
mechanism of the different species.*Ais created for more
than 95% by electron impact ionization of Ar, occurring in
the sheaths and the sheath boundaries. Therefore, the Ar
ion density develops initially there. On the other hand, ArH
is created mainly from Af, with a rate nearly independent
of the position in the bulk of the discharge. Indeed, thé Ar
density reaches its maximum near the sheath boundaries, but
the Ar* energy is also higher here than in the bulk of the
discharge. Since the cross section for the reaction creating
ArH* decreases rapidly with increasing energy, both effects
compensate for each other and the formation rate of ‘ArH
becomes nearly independent of position. This leads to a 00 05 10 15 20 25
maximum of the ArH ions in the middle of the discharge, Position (cm)
due to diffusion and migration. Indeed, the depletion of the
charge in the middle of the discharge creates an electric fielg!G. 9. Calculated electr_on and ion density profiles at 300 V and 250 mTorr
which pushes the other positive ions toward the middle. Bef" (@ the A%k, mixture, (b) the Ar/5% H mixture, and(c) the

. . . . Ar/10% H, mixture.

cause charge neutrality is preserved in this way, the ian
density can only develop at the sheath boundaries, where it is
created. The proton transfer reaction, between Aadd H,, the electrodes, and a minimum in the middle of the dis-
forming H; ions, has a rate which is constant in the bulk of charge. Therefore, the JHdensity will also have maxima
the discharge. Again, a maximum is formed in the middle oflocated near the sheaths of the discharge.
the discharge due to diffusion and migration,. Bin the other When adding more hydrogen, the importance of the ion—
hand is formed almost entirely out of Arand H, by a  molecule reactions increases, so that at 59 the density
charge transfer reaction, which has a rate with maxima neasf the ArH" ion becomes comparable to Aand at 10% H

e-

1% H,

Density (x10° cm™)

\

\

Density (x 10° cm'3)

10% H,

Density (xlO8 cm'3)
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8 At higher pressure, the dissipated power due to electron
o Ho+ collisions increases, leading to a more pronounced
* . 2 . S
g Druyvenstein-type distribution as compared to the pure ar-
e 0 gon discharge under the same conditions. The electron den-
E sity profile now exhibits a plateau-shaped profile, as a con-
> 1 sequence of the corresponding ion densities: Agd H; |
Z 4 4 both formed by ion—molecule reactions, have their maxima
é’ in the middle of the discharge, while Arand rg have their
5 | maxima near the sheaths. Since the sum of the positive ion
TN 2 - densities must equal the electron density in the bulk of the
s

discharge due to electroneutrality, a plateau-shaped electron
density profile results.

T T T T T T T T T ]
0.0 0.5 1.0 1.5 2.0 25
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