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A hybrid mode] has been developed for a capacitively coupled of glow discharge i argon, employed as a speciroscopic
sourge in the feld of analytical chemistry. The cell is 2 ruther small cylinder with a very small if-powered electrode {only 5 mm
in diameter). The typical working conditions applied for analytical specwroscopy are a gas pressure of 6 Tore and incoming
power of HFW, The hybnd model consisis of & Monte Carlo model for the electrons and 2 fAuid mode] for the electrons and
argon ions. The later model also containg Poisson's eguation, (o obln a scll-consistent electne-ield distribution. The inpa
values for the mode] are the gas pressure, the discharge power, the cell geometry and the collision cross sections. The typical
cileulated results include the rf and de bias voliage. the electrical current al the of electrode, the polential distmbution, the
density of arpon wons and elecirons, the electron energy-distribution function and information about the collision processes of
the electrens, Thess results are presented throughout the discharge cell and a5 & function of tme in the of cvele. Moreover, we
have investigated how many of cycles have 1o be followed with the Monte Carlo model belore a periodic steady stae 15 reached,
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1. Introduction

Glow discharges have increasing interest in a large num-
ber of application ficlds, ¢ g., in the microefectronics indus-
try (plasma etching of surfaces, deposition of thin films), flat
plasma display panel technology, the laser and light indus
try. and also im analytical spectrochemistry.'! In the latter
application. the cathode (or the rf-powered electreded of the
glow discharge 15 fabricated from the matenal 10 be analyred.
The bombardment of fast ons and atoms from the plasma
mn the cathode cavses the release of cathode atoms (1., by
sputtering)l. These sputtered atoms amive in the plasma and
are subject to collisions, Excitation collisions (and the sub-
sequent radiative decay) give rise to photons charactenistic of
the material to be anal yzed, which can be detected by optical
emission spectrometry.  lenization collisions create ions of
the matenal w be analyzed, which can be measured by mass
SpeECiTometry.

Since the sample to be analyzed acts as the cathode in the
glow discharge, non conducting samples seem o be precluded
from analysis, at least in a glow discharge operatimg i a di-
rect current tde) mode. Tndeed, the latter samples would coyse
charge buildup as a consequence of ions bombarding the cath-
ode, hereby compensating the applied voltage and thus pro-
hibiting the formation of a plasma. However, this problem
can be overcome by applving a radio frequency (rf) voltage
1o the discharge. Indeed, the more or less continuous positive
charge accumulation due to positive fon bombardment will
then be neutralized by the large amount of negative charge
accumulated by electron bombardment dunng pant of the of
cyele. so that no net charging occurs during the entire of cycle.

The application of of power in capacitive coupling o a glow
dizcharge chamber containing two electiodes differing in size,
yields a negative de bias voltage on the smaller electiode sur-
face. Initially, the flux of electrons will exceed the ion flux
due to the much higher mobility of the electrons compared
1o the positive ions. More electrons will be able to reach the
larger electrode due to 115 larger surface area. Since hoth elec-
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trondes are connected to each other by a capacitor in the exter-
nal circuit, this capacitor will become charged. creating a net
negative do bias voltage on the smaller electrode with respect
to the larger electrede. This self-bias phenomenon permits the
establishment of a time-averaged cathode and anode in the f
glow discharge, so that sputter-bombardment of positive ions
on the cathode, and hence spectroscopic analysis of the cath-
ode matenial is still possible.

The usefulness of rf glow discharges for analvtical spectro-
chemistry is demenstrated by an increasing number of pub-
lications in recemt years (e.g., refs. 3-9). Furthérmore, for
technological purposes, of glow discharges are far more pop-
ular than classical de glow discharges (e.g. refs. 10and 11).

To imprave the capahilities of rf glow discharzes, not only
for analytical spectrochemistry but alse for other application
ficlds, a good understanding of the discharze physics is highly
desirable,  We attempt to ohtain this through mathematical
modeling. In the past few years, we have developed a set of
models for the various species present in a de glow discharge
in argon, i.e., electrons, argon ions and atoms, excited argon
aromms falso in the metastable levels) and sputiened atoms and
ions (also in the excited levels) (e, refs, 12-22), Now, we
would like to extend these models to an rf glow discharge in
argon, In the present paper, a mode] is developed to describe
the behavior of electrons and argon ions in an if glow dis-
charge,

[n the Iierature. different approgaches for simulating the be-
havior of these species are presented. In the so-called global
ar analvtical models, ™ analytical scaling laws are deduced
for the dependence of varous plasma quantities on parame-
ters like pressure and of power, These maodels are based on
some approsimations which depend on the specific discharge
conditions (e.g., pressure), but they are fast and there fore suit-
ahle for a quick prediction of the glow discharge hehaviar.

Fluid models™ ™" are based on the {first three) velocity
moments of the Bolzmann equation, giving rise w a conti
nuity equation, 4 momentum equation and an energy balance
equation.  These equations are generally coupled with Pois-
son's equation, to obtain a self-conzistent electric-field distri-
bution, The plasma species are considered as a finid, a contin-
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wum. This type of model 15 quite fast as well (although i can
take considerable time to solve the set of nonlinear, coupled
differential equations until convergence). but it is also an ap-
proximation. Indeed. it assumes that the velocity distribution
functions are almost in equilibriom with the electric feld, yet
this is not true for fast electrons in the sheath adjacent to the
powered 1f electrode because they gain more energy from the
electric field than they lose by collisions.

Another type of model is based on the full numencal solu-
tion of the Bolrzmeann eguation. ™ In this case, the nonequi-
librium behavior of electrons is taken into acepunt, but the
solutions can become mathematically complicated for com-
plex glow discharge geomeiries.

In Mante Carla calcilarions, ™ the nonequilibrium be-
havior of the plasma species 15 also accounted for, but these
models are mathematically less complex, Indeed, the plasma
species are tréated explicitly on the lowest microscome scale.
The tajectory of a large number of particles is calculated by
MNewton's laws, and their collisions are determined by random
numbers and by the collision cross sections. By thus follow-
ing a large number of particles. the glow discharge can be
simulated. However, this model is not self-consistent in the
sense that it requires a certain time-depemdent electric-feld
distribution as input, which is clearly a disadvantage. Mever-
theless, it can be coupled with Poisson's equation, resulting in
a particle-in-cell {EIC) model #=% Another disadvantage of
this model 15 that it requires a lengthy computation time be-
cause a large number of particles has to be followed 1o reach
satisfaciory statistics.

Hence, each model has its advantages and disadvantages.
Therefore. a combination of these models is sometimes used,
depending on the kind of species o be described. Indeed.
species that are far from hydrodynamic equilibrium, like fast
electrons, are treated kinetically (#.2., by a Monte Carlo or
Boltzmann maodely, whereas species that can be considered
more or less in equilibrium with the electric field, like slow
clectrons and argon ions, are handled with a fluid model, to
save computation time and to odain self-consistent resulis
(when Peisson’s equation is included in the model). This ap-
proach is called a hvbrid model 3 In ref. 50 an excellem
overview of all these models. with their specific advantages
and disadvantages, is presented for of glow discharpes, and
the results of various models have been compared for a spe-
cific test case,

In this paper, we present a hybrid model for an arson of
discharge. A Monte Carlo model i used for the electrons.
while a fluid model describes both electrons and argon ions
The latter model includes Poisson’s equation 1o calculare the
electric field. This field is used as input in the Monte Carlo
madel, in order to obtain self-consistent results, The present
hybrid model is based on our hybrid model for a de argon
glow discharge, presented in refs. 14 and 18, However, there
is a significant difference in the treatment of the electrons, In
the de model, the electrons were split up in two groups: the
fast electrons were handled with a Montz Carlo method and
the slow electrons in the negative glow were followed with a
Auid model. In the present of model, however, both a Monte
Carlo and a fluid model are applied for the entire population
of electrons, since electrons which are slowed down during
one phase of the rf cycle can be accelerated again during the
ather phase of the cycle, and would therefore have to be de-
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seribed again with the Monte Carlo model. In 2, both the
Monte Carlo and the fuid model ave discussed. as well as
the method of coupling the two models. The results of these
models, such as the electrical characteristics (ie. potential
and elecwrical current), the densities, and the energies and col-
lision rates, are presented in 3. Finally, the conclusions are

given in §4.
2, Deseription of the Model

2.1 Model assumipions

The plasma 15 assumed to consist of neutral argon gas
atoms, thermalized and uniformly distributed throughout the
discharge region. electrons and positive argon ons. In real-
ity, a large number of other plasma species are present in the
plazsma, such as argon atoms in excited levels and fast arpon
atoms, sputtered atoms and icns. However, these species are
only of minor imporiance in determining the electrical char-
acteristics of the discharge, and are therefore not taken into
account in the present model. MNevertheless, in future work,
we intend 1o develop models for these species as well, in anal-
agy to our models for a de glow discharge -5

The cell peometry to which the present model is applied,
ix a simple cylinder with a length of 3cm and a dismeter
of Smm. All of the cylinder walls are grounded, except for
the rf-powered electrode. which is a pan of ong end of the
cylinder. The later electrode is separated from the grounded
cell walls bv a (. 1-mm-thick insulating ring. Hence, the rf-
powered electrode itzelf has a diameter of 4.8 mm. This cell is
a simplification of the glow discharge source most frequently
used for analytical glow discharge optical emission spectrom-
etry (GD-0ES), i.e., the LECOGDS 750 (Gnmm-1ype) glow
discharge source. Indeed. the latter has a rather complicated
geomelry with a diameter of 2.5 mm near the of elecrode,
which increases graduglly to 30 mm at a 10 cm distance from
the rf elecirode, -3 Since the plow discharge plasma is most
important in the first few cm’s near the of electrode (hased on
experimental observations}, the cell dimensions assumed for
the model are a reasonable approximation. The typical dis-
charge conditions used for of GD-0OES are a gas pressune of
110 Torr, discharge power of 5-50W and an of frequency of
1356 MHz. Due to the cylindrical symmetry of the cell ge-
omeatry under study, the fluld calculations can be performed in
two dimensicns, 1.e., axial (7) and radial {r) directions, The
Monte Carle simulations. however, are carried out in thres
dimensions.

2.2 Monte Carlo model for electrons

The electrons are followed in time with a Monie Carlo
model. Some electrons start ar the ri-pewersd electrode (“sec-
ondary electrons™), determined by the flux of argon ions bom-
barding the rf electrode as a function of time in the f cycle.
The latter is calculated in the fluid model (see below). Hence,
the flux of electrons leaving the of electrode, as a funcion
of ime in the of cycle, is: j.(0. r1) = —ppi0r, ), where
¥ is the ion-induced secondary electron emission coefficient
Further, electrons can also start in the plasma, where they are
created by ionization collisions.

The electrons are followed. one after the other, during suc-
cessive time-steps. Their trajectory is calculated by Newton's
laws:
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where zqg, £y, vo and z, x. ¥ are the position coordinates before
and after Ar, v vy vy v, ¥y, vy are the velocities before
and after Ar, E,; and E.y are the axial and radial electric
field as a function of axial and radial position and time in the
f cyele (obtained from the fAuid model, see below), ¢ is the
azimuthal angle of the radial position (i.e. the angle of the
radial position coordinates with respect to the x-axis), and g
and m are the electron charge and mass, mespectively. The
probability of collision during cne tme-step is calculated by

Probe =1 —exp(—As ¥ " (nog (E))), (2)

where Ax is the distance traveled during Ar; n oand o E)
are the denzities of the target particles and the cross sections
of the different collision types of the electron with energy £,
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This equation is only valid when As is small enough so that
the densities of the target particles and the electron energy
(and hence o (£)) can be regarded as remaining constant
over this distance. In practice, a time-step of 107" 5 is used.

A random number between (1 and | is generated with a sub-
routing program, deseribed in ref, 53, and compared with the
calculated probability of collision. 1f the probability is lower
than the random number, no collision cccurs: if the proba-
bility is higher, a collision takes place. The null-collision
miethod was not applicd here, because the product of collision
cross sections and target particle densities (see eq. (2)) varies
so much with energy (e, the cross section for electron-
electron Coulomb collisions becomes very high at low en-
ergies), that a fairly large null-collision cross secton would
have to be used, and that in most cases (except at very low
energy ) the collision would be a null-collision anyway.

The collision processes considered in the model are the to-
tal electron impact excitation from the argon atom pround
state (o all excited levels), electron impact ionization of ar-
zon ground state atoms, elastic collisions with argon ground
state atoms, and electron-electron Coulomb scattering, Colli-
sions with argon ions are neglected, since these species have
a much lower density than argon aroms, The cross sections
of the collisions with argon atoms (e, excitation, ionization
and elastic collisions) as a function of the electron eneray. are
those reported by Phelps, ™ The following analytical expres-
sions were used to fit the data:™
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where the cross sections are expressed in cm® and the electron
energy in eV. Finally, the cross section for electron-electron
Coulomb scanering is adopted from®™

; .1
Teel Eg) = B b2 In ED‘ (4

where £, i3 the relative energy of the impacting electran
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compared to the target electron
Eva=E, + E, — HE,E )" cos#. (5)

with Ep and £, being the energy of the projectile and war-
get electron, respectively, and & being the angle between the
velocities of the projectile and target eleciron (this value is
determined by a random number}; By, is the impact parameter
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fior a 90° collision (in cm)®™

2.882 % 1077
B AT (6)
Epe

and Ap is the Debye length (in cm)™

Ap= = (7

where & is the Boltzmann constant. £ is the vacuum permit-
tivity, ¢ is the electron charge, and T, and n. are the electron
temperature and density, respectively. The target electrons
are reated as a background gas, as a fluid; their density is ob-
tained from the Avid caleulations, whereas their temperature
iz obtained from the previous Monte Carlo simulation in the
iteration procedure (see below),

To determine which type of collision takes place, the frac-
tiomal probabilities of all the collisions are computed:

I"UIIUI = M arTesc.ar + Marion ar + MarTelahr + Halle_o
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The sum of the fractional probabilities is equal to unity, and
the interval [0, 1] is divided wto segments with lengths cor-
responding to these fractional probabilities. A new random
number between 0 and | is generated, and the interval into
which this random number falls, determines the type of colli-
sion that occurs. The new enerzy and direction after the col-
lision depends upon the type of collision: For excitanion, the
new energy E is given by: £ = Ey = E,,., where E... is the
excitation threshold eneray (i.e., taken as 11,55 eV for excita-
tion from the argen ground state). and £y is the electron en-
ergy before collision. For ienization, the total energy before
collision is divided between the primary (original) electron
and the secondary electron created in the ionization collision,
using a randem nember (RN). The energy of the primary
electron { Epin) after the collision is defined by™”

E‘L‘l:ﬂ:
f Fyan it { Eg, £)dde
1]

Tianl Ep)
where &oe gl Ey. £) and oy Eg) are the differential joniza-
tion cross section to create a primary clectron with energy
£ {adopted from ref. 38) and the total lonization cross sec-
tion, respectively, Eq is the energy before collision and ¢ is
the energy of the primary electron after collision, The energy
of the secondary eleciron after the collision is then given by:
Eu = Eg— Eing — Egrime. where E,, is the ionization thresh-

RN =

9

cos{f) cos(gn) —sin{ghn)  sin() cosidy)
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old energy (i.e., 15.76eV) and the other symbols remain as
explained above. For elastic collisions, the new kinetic en-
ergy of the electron is calculated by™

1-5s0-onn]
E=Ey|1l—-2—(l—cosx)]. (1
4y

which is deduced from the hard-sphere model. x is the scat-
tering angle of the electron after collision (see helow). For all
three types of collisions with arpon atoms, the new direction
after callision is determined by anisotropic scantering. ™" The
scattering angle x and the azimuthal angle of scattering v are
defined by two random numbers; ™

RN =% [r {Eg. ) vain oy dy’
N = o Eg.

a{En) Jo [ 4 Xay
W=2XRN {11)

where o{Ep) is the total cross section of a particular colli-
sion and o {Ey. x) is the angular differential cross section,
adopted from ref. 60. Substituting the analytical expression
of @ (Ey. 31/ {Eg)™ into the integral, and solving it analvi-
ically, vields

: expl &N In(l + Eg)] — 1
X :Enn:sm\/ ]

Ey

The scattering angle of the secondary electron in an ionization
collision is determined from the law of conservation of ma-
mentum, and is therefore fixed by the direction of the primary
electron, The parameters of this secondary eleciron (coordi-
nates, energy, direction} are stored in an array, so that this
clectron can be followed as well from the next time-step.
Finally. for electron-glectron Coulomb scattering, isotropic
scatiering is assumed,™ and x and W are calculated as

(2

x = 2arccos( RN,
¥ = 2TRN. (13

The energy loss (if the energy of the projectile electron ( Ep)
iz higher than the energy of the target electrons (1), or the
energy gain (if £, < E,) is computed as®'!

Eoll +cosx)/2
Eil +cosx3/2

(Lossif £, = E)

AE =
(Gain if £, < E|}.

(14}

The new three-dimensional direction after collision (de-
fineed by the axial and azimuthal angles @ and ¢} can now be
cilculated from the axial and azimuthal angles of scattering,
# and v, and from the axial and azimuthal angles before col-
lision. fy and ¢, by transformation of the coordinate frame
of reference:!"

sin(#) cosigd) sin{y ) cosiyr)
5in{f ) sin (g} = cosify) sin(gh)  cosidg) sin( &y ) sinfgn) ¥ sim(x b sini ) (15)
cosifl) —sin{fh) cos(éy) cos(x )

When the new energy and three-dimensional direction af-
ter collision are caleulated, the coordinates {x. v and z), the
energy and the three-dimensional direction (¢ and &) of this
electron are stored in an amay, and the next electron is fol-
lowed during that time-step in the same way (i.e., calculation
of the trajectory by Newton's laws, determination and treat-

ment of the collisions by random numbers, and storage of the
electron parameters). When all electrons have been followed,
we move 1o the next time-step. 1o follow all the electrons
again, i.e., the electrons stored after following during the pre-
vicus ime-step, the electrons created by ionization collisions
in the previous time-step, as well as the new clectrons starting
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at the of electrode (determined by the ion flux bombarding the
electrode as a function of time in the f cyele)

However, it may also be possible that some electrons are
removed from the Monte Carlo procedure when they collide
with the cell walls. Indeed. they can be absorbed, reflected or
cause secondary electron emission. Tantalum is used in this
model simulation as the cell-wall material. The secondary
electron emission coefficient for tantalum. 4. as a function of
the electron energy, is taken from ref, 62 and is rather high
(i, maximum 1.3 at 600eV), which means that electrons of
considerable energy easily cause the emission of a secondary
electron. When & is higher than 1, at least one secondary elec-
trom is emitted, which is also stored in the amay and followed
from the next tme-step. Moreover, the calculated value of &
(if & = 1parof § — Hif & = 1) is comparad with a BN be-
tween O amd 1. If Slor § = 1) = BN, no (extra) secondary
electron emission takes place and the electron is simply ab-
sorbed by the cell walls. If d{or § = 1) = BN, (an additional)
secondary electron emission has taken place. It is assumed
that about 10% of the electrons are emitted as primary elec-
trons {i.e., they are just specularly reflected with no change in
enargy ). whereas the remaining 90% are emitied as secondary
electrons, with energies of 4eV and in a direction randomly
chosen with respect to the normal of the wall.*™

Thiz entire procedure of following all electrons dunng sue-
cessive ime-steps 18 repeated over a number of of cveles,
until the periodic steady-state is reached, e, when the re-
sults cease to change from one of cycle to the next. The
final calculation results, such as electron density, fux, en-
eray, collision frequency, etc.. are only compuoted i the last
f cvele followed: In practice, it was found that, for the
discharge conditions under investigation {ie. p = 6Torn
F = 10W)_ the complete steady-state is already reached
at 2 of cycles (see Figs. 9 and 10}, This follows alse from
simple estimations about the time necessary for the ther-
malization of the electrons, The cross secnon of ionization
collisions is typically 10" ¢m’. The density of argon gas
atoms at £ Torr is of the order of 10'7 e~ Hence. an elec-
tron with energy of 100eV (comesponding 1o a velocity of
6 10% cmds) undergoes approximately & = 107 collisions per
second, which means approximately 450 collisions per of cy-
cle ( Tioyate = 7.4 % 107 5). Suppose that the electron loses
approximately 16eV in an jonization collisicn, only 6-7 jon-
ization collisicns would be required to thermalize an electron
with 100 eV initial energy. OFf course, the electrons can also
gain energy during some part of the of cvcle, but this sim-
pe calculation shows that most electrons will be thermalized
within one rf cvele and will not play a major role in any sub-
sequent of cycles. Based on compansons of the calculaton
results for vanows numbers of of cycles. we decided 10 follow
the electrons duning 2 rf cycles.

It is clear that this method of calculation requires a long
computation time.  Indeed, in our previeus de model, '
the electrons were transferred to the fuid model when they
reached energies below the excitation threshold, whereas in
the present rf model, all electrons are simulated by the Monte
Carlo method,  Since slow electrons will stay in the plasma
for a very long time, a method 15 developed 1o combine these
electrons into a “superelectron” with a larger weight facior,
hased on the procedure described in ref. 64, in order to de-
crease the computation time.  If the electrons in the bulk
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plasma bave energies below a cemain threshold (taken as 1 eV
in this study), a fraction defined by “floss”, will be removed
from the Monte Carle model, Therefore, a BN between 0
and 1 is generated. It fross = RN, the electron is removed.
If fross = AN, the electron remains in the model, and since
the real number of slow electrons must be constant, there must
be compensation for those which disappear; hence, the weight
of those which remain is increased by: w = w /{1 — frosy).
This clearly indicates that a larger value for floss will result
in 3 more efficient reduction in computation time, but on the
other hand, a too large value will affect the statistics of the
Monte Carlo model, In practice, we found that a value equal
to 6,5 vielded satisfactory and statistically valid results within
a reasonable computation tme,

23 Fluid mode! for the argon iony and electrony

Besides the Monte Carlo model, the electrons are also
treated in a fluid model, together with the argon ions. The
equations are the first three velocity moments of the Boliz-
mann equation, i.e.. the balance equations for particle density,
for momentum density and for cnergy density,
Farticle density balance equations

gz r 1)

T

dnglz. r.t)
i

where # 4, and i, are the argon jon and electron densities, fu,+
and J. are the corresponding fluxes {in vector notation), and
R+ and R are the creation rates of argen ions and electrons,
which result from the Monte Carlo model {ie. Ry = R. =
the rates of electron impact ionization; sce below),
Momentum balance equations

Al the pressure under investigation here (ie. 6 Tom), the
charactenstic tme mterval between momentum transfer col-
lisions is moch smaller than the of period, and the mean free
path for these collisions 15 much smaller than the character-
istic lengths in the discharge. Therefore, the momentum bal-
ance equations for argon ions and electrons can be reduced 1o
the flux equations based on diffusion and on migration in the
electric field, as explained in ref, 65.

+ Va1 = Rppr (. 1, 1), (16}

+ %z nt) = Rz r 1) (17

— i
Jark{zor ) =pya sz, T, I]Et | O 8

— Dt Fhprr (2 1), {18}
Jelzor 8y = — jremelz, r DE (z. 1 1)
— DB nalz. rn, 19y

where E 15 the electric field; since the argon ions cannot fol-
low the fluctuating f electric field, they are assumed 1o be in

an cffective field, £, which is determined from:"

H?H{Z- r.l} = v, (E . —E—tll'} .

20
ot (20
where vy, is the 1on momentum-transfer frequency,
o (213
Hopb ML gt

where Dy, Dp, e and u, are the argon ion and elec-
tren diffusion coefficients and mobilities, respectively. Ther
numerical values are taken o be Do = ddemis!,
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Do=12x10Fm*s ™,y =3 x 1P e s VI 0 =
1500em* s71 V=" at 1 Torr and 298 K. Finally, ¢ and m ., = are
the electronic charge and mass of the argon jon, respectively,
Energy balance equations

The argon ions are assumed to have thermal energies, con-
stant in tme and space, because they exchange their energy
very efficiently with the background argon gas. Therefore,
no energy equation is used for the argon fons. The electron
encrgy balance equation is written as™!

durglz, v )
L

- 15 =3
Vol stelzorntliplz. oy £ 302,00 1)
ar 3

dwlz, nt)  —
it

The first term on the right-hand side descnbes the energy gain
by the eleciric field (i.e., Ohmic heating, E is the electric
field). and the second term, Ru.. gives the electron encrgy
loss due o collisions {ie, electron impact fonization rate
multiplied by the icnization energy < electron impact exci-
tation rate multiplied by the excitation energy, both ohtained
from the Monte Carle model; energy losses due 1o elastic col-
lisions with argon atoms can be neglected due to the large
mass difference).

Poisson's equation

Finally, the equations are coupled with Poisson’s equation
to obtain a self-consistent potential and electric-field distribu-
tion:
IV ;f|+i (Ratlz. rti—nelz ninN=0: E=—FYV,
I (25}

£y

whete ey is the permittivity in vacuum,

The flux equations (eqs. {18} and {19} can be substituted
nte eqs. (16) and {17). This leads to a set of four coupled
dilferential equations, i.e., the continuity equations for argon
iens and electrons {eqs. (16} and (17}), the energy balance
equation for electrons {eq. (24)) and Poisson's equation Ffor
the electric field (eq. (25)}). The boundary conditions for these
equations are taken as follows:

& Atthe if electrode: Vir) = Vi + Vi sinfagt ), where oy

is the of frequency. Vir is the applied of voltage and V.
is the autobias voltage developed at the of electrode (ges
below}.

& Atthe grounded cell walls: Vir = 0.

o s, = (Fat all walls at all times because electron recambi-
nation at a conducting surface is assumed (o be infinitely
fasl.

s w, = (at all walls at all times becanse w, = ne, {see
above).

® Vit =0 atall walls at all times. This means that the
ion flux at the walls is only due o migration,

The boundary conditions for the densities are not exact. In
fact, they should be replaced by a mixed boundary condition
because electrons and ions recombine at the walls.*™ How-
ever, this would hardly influence the resultant density profiles
because the electrie field is high and points toward the walls.

Due to the severe nonlinearity and siwong coupling of the
equations, solving this model is a difficult numerical prob-
lem. The method we used was developed by Goedheer and
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(22

where w, is the electron energy density given by, w, = e,
where £, is the electron energy. The second term of the left-
hand side. between the brackets, describes the enerzy trans-
pott: j, is the electron flux, given by diffusion and migration
(zee eq. (19 above), and i is the heat fux:

= —ejiiz, 1) “Efz. r 1) — Ruelz. £ 1),

A L.
Flz.rn = —ikaEE. ik {231

where & is the thermal conduction coefficient, given by:
k= 5/2n. 0. Sobstituting the formulas for 5. and § in the
term between the brackets, and combining the terms. vields

5 == oo e -
+%. (_?.:L.mcn;:, rRNE(@Z. v — -:-rDE‘E‘w.,iz. r, H) = —&falz. v 1) - Elzont) — Ryalz.r 1), 124}

coworkers. ™% 1t js 3 fully implicit method, based on
the Scharfetter-Gummel exponential scheme for the trans-
port equations 2232650089 The basie idea is that the par-
ticle Muxes are assumed to be constant between mesh points,
instead of the densities. The advantage of this scheme is
its ability to switch between sitnations where either the mi-
aration component or the diffusion component of the parti-
cle Aux is dominant {i.e. high and low electric field, sheath
region and bulk plasma, respectively). More details about
the Scharfener-Gummel scheme can be found in refs. 14, 29
angd 12

After discretization, the four equations {i.e., ion continuity,
electron continuity, electron energy, and Poisson’s equation)
are solved as a function of time. Because of the high mobility
of the electrons, fully implicit handling is necessary for the
electron continuity equation.  Therefore, the latter equation
is solved simultanecusly with Poisson's equation for the self-
consistent electric field at each time-step, using the Newton-
Raphson method. Solving both electron continuity and Pois-
zon's equations with this method at each z and r position leads
10 @ large bi-tridiagonal matrix (the Jacobian), which could be
comvened into a pentadiagonal matrix and solved by elimina-
tiom of rows, After ne and V are known, the discretized elec-
tron energy equation is solved to obtain w, atall z and r po-
sitions (i.e.. a ridiagonal matrix). Finally, the ion continuity
equation is solved {also a mdiagonal matrix) using the known
values of V¥ at that time-step. When the values for all four
variables at each z and r position are known at time & + 1, the
procedure is repeated for time & + 2. ete.. until the steady state
i5 reached in the penodic solution (e when all variables at
dll z and r positions have the same value at the beginning and
at the end of the of cycle). In practice. we performed the cal-
culations in a cylindrical region on a nonequidistant grid with
64 cells in the z-direction and 32 cells in the r-direction. Fur-
thermore, 236 time-steps were considered within one rf cycle.

The input parameters in the fuid model are the geome-
try, the boundary conditions, the pressure and the discharge
power, as well as the creation rates for ions and electrons and
the energy-loss rate for the electrons. both chtaned from the
Muonte Carle model. Moreover, an initial estimate is made for
the rf and de bias voltages, Viy and Va. As explained above,
besides the rf voltage, a negative do bias voltage is present
in the case of (wo capacitively coupled clectrodes of differ-
ent sizes. [t 15 due to the much lower mass, and hence higher
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maobility, of the electrons compared o the ions. Tt arises o
repel the electrons and atract the ions, untl the steady state
is reached and the total Aux of elecirons reaching the f elec-
trode during the entire rf cycle is equal 1o the total fAux of
ions (see above, in the introduction). Since we are only inter-
ested in the final quasi steady state, the circuit equations are
not solved in our model, but the initial de bias is adapted after
each rf cvele by the condition that the total electron flux at the
ff electrode, integrated over the entire rf cycle must be equal
to the total jon Aux,™ In practice, during each rf evele, the
total eléctron and 1on Auxes ot the of electrode are calculated.
If the electron flux 15 higher, the value of Vi is lowered by
a certain step (ie., defined by the difference in total electron
and ion fluxes); if the electron flux is lower, V. is increased
unti] both fluxes are equal to each other within a certain accu-
racy. In fact, in this way, an infinitely large coupling capacitor
is simulated.

In a similar way, the initial value of Vi s also adapted
after each of cvele. Indeed, the amount of power dissipated
by electrons and ions, integrated over the entire discharge re-
gion and tf cycle is calculated {i.e.. the energy gain of jons
and electrons due to the electric field, by Ohmic heating), and
compared with the fixed power input into the system. If the
power dissipated by electrons and ions is lower {or higher)
tham the input power, then the value of Vi is increased (or de-
creased) by a certain amount (again defined by the difference
in dissipated and input power}, until they are equal within the
required accuracy.

X4  Coupling procedire

The Momte Carlo and fuid models are ron steratively, until
convergence is reached. First, the fluid equations are solved,
assuming arbitrary values for the fon and electron production
rate and for the electron energy loss due to collisions. The
results of this fluid model are the electric field as a function
of {axial and radial} position and time in the of cycle, as well
as the ion flux bombarding the of electrode, as a function of
radial position and time in the f cycle. These values are used
in the Monte Carlo model, i.e.. the electric field determines
the trajectory of the electrons, and the jon flux bombarding
the 1f electrode defines the electron flux leaving the 1f elec-
trode as a function of radial distance and of time in the of
cycle. Moreover, the electron density 15 also adopted from
the fluid model. 1o be used in eleciron-electron Coulomb col-
lisions (see above). The Monte Carlo model yields. among
others, the number of ionization and excitation collisions car-
ried out by the electrons. which are used as source terms in
the fluid model. The ionization collisions determine the cre-
aticn rate of ion-electron pairs, whereas both ionization and
excitation collisions, multiplied with the energy loss during
such collision, define the energy loss for the electrons, used
in the electron energy balance equation. With the new source
terms, the fluid equations are again solved, etc. The proce-
dure is repeated until convergence 1s reached, 1.2, when V.
Vir and the total ion flux bombarding the if electrode do not
change anymore, This is typically the case after three-seven
ierations, depending on the choice of the initial conditions.

The calculations are performed on a Digital Personal Work-
station, at a clock speed of 433 MHz (DPW433 au) and ap-
proximately | GB RAM. The Monte Carlo model requires a
few hours of caleulation time when 100,000 electrons starting
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at the rf electrode (integrated over the two rf cveles o be fol-
lowed) are simulated, together with all the electrons that are
created in ionization collisions. The Auid model usually takes
about one night before complete convergence is reached {i.e.,
when the relative errars in the densities, potential and electron
energy are smaller than e.g., 107°), However, the succession
of Monte Carlo and fluid models is performed more rapidly,
when intermediate convergence is reached {i.e., when V. and
Ve, and, hence, the electric field. stay more or less constant),
and ogeurs after only a few hours computation tme (or sev-
eral hundreds rf cycles in the program). MNevertheless, the
entire caleulation procedure of the hybrid model may require
several days.

3. Results and Discussion

A4 Elecrrical characteristics

The calculations are performed at discharge conditions typ-
ical for of glow discharges used in optical emission spec-
wornetry (rf GD-0ES), ie., the ff frequency is 13,56 MHz, a
power of 10'W 15 chosen and the gas pressure is 6 Tom. Since
the glow discharge chamber has a rather small volume (ie.
length of 3 cm and diameter of 5 mm), it is expected that the
amplitude of the f voltage (Vo) will have 1o be quite high in
arder to dissipate the input power of 10W (see above). More-
over, the ri-powered electrode (which forms one end of the
cell) is much smaller than the grounded electrode (which is
given by the other cell walls); hence. the dc bias voltage (Vi)
is also expected to be rather high. Indeed, after complete con-
vergence of the hybrid model, we caloulated that Vi is 900V
and V. is —610Y at the discharge conditions under smdy.

Figure 1 shows the calculated potential at the of electrode
during an rf cycle, when the peripdic “steady stare” is reached
[ Virekareae: solid line). It is only positive dunng one quarter
of the rf cycle (Le., we ranging from approximately /4 to ap-
proximately 3m/d). Moreover. it is extremely negative around
ef = 3 2 ie. equal o the sum of Vi and V. This highly
negative value gives nse to a high electric feld near the f
clectrode. Hence, the ions will be accelerated towards the of
electrode. and cause a large amount of sputtering, which is of
great importance for plow discharges used in analytical chem-
i5try:

The calculated values of Vi and Vi cannot be directly
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compared with experimental data, since the cell under con-
sideration here 15 a simplification of the real rf glow discharge
source used for OES, Nevertheless, the obtained values are
comparable to typical measured values,™ so that we can con-
sider that our calcolations present a realistic picture of the rf
glow discharges used for of GD-OES,

Figure | illustrates also the calcolated plasma potential as
a function of time in the il cycle (Vijen,; dashed line). This
value is always positive, as in the de case, but oscllates be-
tween a minimum amd a maximoam valoe and is swrongly an-
harmonic. It is highest when the potential at the if electeode 2
positive {around e = 7,2, Volums = Vitcleonae ) and reaches
its minimum when Vi slecnsde 15 M0st negative (er = 3m/2).
However, the time evolution of Vi, shows a slight delay
with respect 10 Vi aeciade- Indeed, the maximum value is ab-
tained sometime after the maximal Vijemese 15 ctained and
decreases less rapidly, so that the value at ar = 7 is slightly
higher than the values ai wi = () = 27, whereas the values of
Vit cloctrode anethe same at wf = (0, 7 and 27,

Figure 2 shows the two-dimensional potential distnbution
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{in cylindrical symmetry ) at four different times in the rf cy-
cle, At wnr = m/2 the poential is positive and rather high
throughout the entire discharge region, reaching 290V at
the of electrode, Indeed, the largest electrode is now the mo-
mentary cathode, and since the latter is grounded, the rest of
the plasma must be positive. Al wr = &, 3r/2 and 27, the
potential disinbution is comparable o the de case. Indeed. it
is extremely negative at the rf electrode (the “cathoda™. ie.,
—610Y at e = 7 and 27, and —1310V at wr = 3m/2.
It increases vapidly in the sheath, crosses zero at somewhat
less than | mm from the of electrode. and is positive in the
rest of the plasma. The plasma potential (defined here as the
maximum value in the plasma) vanes between approsimately
30V at 3or /2 and approximately 290V at ar = 7 /2, as was
iNustrated in Fig. 1. Moreover. as was also anticipated from
Fiz. 1, the potential distributions at i = 7 and 27 are not
exactly equal 1o each other,

The position where the potential crosses zero is defined
here as the boundary between the rf sheath and the bulk
plasma. This definition is not precise; for example, it cannot
be applied o define a sheath at the grounded clectrode, since
the potential is zero at the electrode itself. In reality, the sub-
division between the sheath and bulk iz somewhat arbitrary.
It cam, for example, also be defined as the position where the
positive jon and electron densities become equal 10 each other,
ar more precisely, the position where the ions reach a veloc-
ity larger than (kT /m;}'"* owards the electrode (i.e., Bohm
sheath criterion). However, the definition of the potential
crossing the zero-ling is the simplest and most straightfor-
ward, and is therefore nsed here, Figure 3 presents the thick-
ness of the of sheath at the cell axis as a function of tme in
the rf cycle, Generally, its value is fess than 1 mm, as demon-
strated in Fig. 2. The of sheath is thickest at wr = 3pif2,
since the largest potential has to drop off. Moreover, it iz zero
from e = 7 /4 10 3w /4, when the f electrode is positive
and ne sheath is formed in front of it. Hence, in contrast to
the de case, the sheath moves towards and away from the of
electrode.

This maving of the sheath gives rise to a change in the accy-
mulated positive charge in the sheath. Since [ = dyg/dt, the
latter gives rise to a current, called “displacement curmrent”,
which is expressed oz
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Fig. 3 Thickness of the i sheath (e b @8 a function of time in the f
cycle [p = 6Twr, £ = 10W)
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where 5 15 the permttivity in vacuum, Indeed, the of sheath
is characterized by a positive space charge (see below). Since
the rf sheath changes its thickness during the of cycle and the
argon-ion density value remains constant (see below), the to-
tal positive space charge in the sheath changes accordingly.
Therefore, the total of current flowing through the discharge
cell is the sum of the ion current, electron current and dis-
placement current:

Jh‘-lal — *?'J:u —t’f._- +Jr>

The total current at the rf-powered electrode as a function of
time in the of cycle, and the varicus contributions, are illus-
trated in Fig. 4 {a nezative sign denotes a flux in the negative
z-direction. hence towards the rf electrode). The ion fAux {5;)
is always directed towards the rf electrode, and during a large
part of the of cycle, it contributes prédominantly to the total
current to the of electrode (Jgm). Mowever, during the part
when the f electirode is positive, a high electron flux (S} 15
directed towards the f electrode, and the electrical cument to
the rf electrode is then almost exclusively due to the electrons,
It can be ohserved that the displacement current is almost neg-
ligible at the discharge conditions under investigation {i.e.. it
varies between +0.025 and —0.025 mA). Indeed, this current
is typical for rf discharges with electrodes of comparable size,
when the rf sheaths change considerably. Since the glow dis-
charge cell under consideration gives nise to a large do bias.
o that the positive ion sheath iz present most of the time in
fromt of the of electrode, it resernbles a de glow discharge,
where the displacement current is absent. The total electrical
current. integrated over the emire of cvele, is zero. which is
imposed by the capacitive coupling (see ahove).

3.2 Poswive ton and electron densities

Figure 3 illustrates the two-dimensional argon-ion density
profile. It is constant throughowt the of cvcle, since the ions
cannot follow the rapidly fluctuating electric field. they are
assumed o be only in an “effective field” (see abovep. which
is nearly equal to the time-averaged fAeld. The density pro-
file resembles the de argon-1on density distnbution: 1t 15 low
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Fig. 4. Total electneal current al the ol electrode {1, and contributions
o the wm Bux (b, electron flux  Ja ) amsd Llixpla-c:rncnl current {Jfp0 o the
rf elecirode, as a function of fime in the if cycle {p = & Tom, P = W),
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and rather constant in the sheath (approximately 10" em~—7),
increases to @ maximum of approximately 5 » 10" cm~? at
about 2 mm from the cathode (1.c., in the beginning of the bulk
plasma), and decreases again towards the cell walls. In a de
glow dizcharge used for analvtical purposes, 1on density val-
ves on the order of 10M'-10" cm = were calculated,"-'#™
depending on the discharge conditions. In a future work, we
plan to perform a detailed comparison between de and f dis-
charges, W investigate which operation mode yields the high-
est plasma density under similar conditions of pressure and
POWET,

The electron density has a similar profile as the ion density,
The maximum ig alse approximately 5 = 100 em™, @ the
same position in the plasma. but the electron density is differ-
eni near the 1f electirode. Al wr = /2, the electron density
in the sheath is approximately equal to the argon-ion density
and has a more or less constant value of 10%! cm™? . However,
at e = 3 /2 the electron density decreases rapidly to zero in
the of sheath, giving rise 1o a positive space charze and hence,
alarge potential drop (as was shown in Fig_ 2). Between these
two extremes, at e = 7 and wr = 2 the electron density
decreases W a zero value towards the of electrode, but less
rapidly than at ot = 37/2, giving rise to a thinner of sheath
in fromt of the rf electrode (zee Fig. 2).

33 Mean electron energy

The mean electron energies as a function of distance from
the rf electrode, calculated at foor different times in the f
cycle, are depicted in Fig. 6. The electron energy was always
taken to be equal to 4 eV at the of elecirode. Atewr = 3772 it
increases rapidly 10 a maximom of approximately 6402V at
(0.05-0.1 cm from the f electrode. Since the toal voltage drop
over the of sheath 15 equal to 1510V in this case (see above),
the mean electron energy is, at maximum, abou 4046 of the
total voltage drop. The mean electron energy decreases again
before the interface between the of sheath and the bulk plasma
is reached. becanse the electrons will now lose more encrey
by collisions than they gain from the (lower) of electric field.
In the bulk plasma, the mean electron energy varies between
500 and 90 e in the first 2 cms from the rf electrode, and drops
to low values (1<3 eV still further away.

Also at er = m and 27, the mean electron energy reaches
a maximum in the rf sheath. The maximum value is about
220-250eV. which is about 40% of the wial sheath voltage
drop at that ime, In the plasma bulk, typical values of about
10-30eV were calcolated, decreasing again to a few eV after
moving further than 1 cm from the of electrode. At or = /2,
the mean electron energy was caleulated to be about 3-5eV
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Fig. 5. Two-dimensional argon-ion density profile throughowt the  dis-
charge (constant during the entire of cycbel {p = 6 Tor, P = 10W)
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Fig. & Mean electron enesgies as a function of distance from the rf elec-
troddie, at four tmes in the rf cycle (p= 6 Toer, £ = 10W)

throughout the entire discharge region,

The results presented in Fig. 6 were obtained with the
Monte Carlo model, but the same gquantities have been cal-
culated with the fluid model. In the bulk plasma, the results
of both models agreed quite well, but in the rf sheath, some
discrepancies were observed for et = . 37 /2 and 2w This
is not completely unexpected, since the electron density ot
these times in the f cycle is very low, and the calculated en-
ergy in the fluid model is also not very reliable. Moreover. at
ihe high eleciric field present at these times in the of sheath,
the approximation im the fluid model of nearly hydrodynamic
equilibrium for the electrons is not actually valid. However,
at e = /2, both the Monte Carlo and the fluid model pre-
dict comparable mean electron energies. which shows that the
fluid maodel gives a reascnable approximation at this phase of
the rf cycle.

34 Collision rates

Figure 7 shows the toal argon-ionization rate, imegrated
over the entire discharge volume, s a function of time in
the of cyele. It appears that the ionization is at its maximuom
around wt = 2. and very low around sor = 7 /2. The latter
was expected, since at this ime in the rf cycle, the mean elec-
tron energy is on the order of 3=-3eV (se2 Fig. 6), and only a
limited fraction of the electrons has enough energy to cause
ionization. At et = 3m/2, the mean elecron energy is very
high, but it appears to be tao high for efficient ionization. In-
deed. the maximum in the cross section for electron impact
ipnization s around 100 eV, and electrons with higher energy
will therefore cause less ionization. The same effect was also
observed in a de glow discharge.'® Therefore, it appears that.
under the present discharge conditions. the most efficient jon-
ization takes place around et = 2. T should be mentioned.
however, that this result cannot be generalized, and applies
ofily to the discharge conditions under study (i.e.. high rf and
de bias voltages). Indeed, we have found that at somewhat
lower voltages {eg, Vi ~ 750V and Vi ~ =300V), the
maost efficient iomzation occurs at et = 32, as is illustraed
in Fig. 7 {dashed hne),

The same time evolution was also observed for the other
collizsion rates calculated with the Monte Carlo model (1.e,
excitation, elastic and electron-electron Coulomb collisions),
because more iomzation collisions give rizse to more electrons,
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which can in turn prodiece more collisions.

The two-dimensional ionization rate profile at o = 7 08
presented in Fig. B, The maximum is found in the beginning
of the bulk plasma {ie., at approximately 1 mm from the of
electrode) and decreases towards the cell walls. This profile
is very similar (o the ionization rate profiles obtained in the
dc case. Furthermore, the other collision rates calculated at
various times in the rf cvcle show a similar profile, with a
maximum in the beginning of the bulk plasma, and therefore,
they are not shown here,

35 Effecr of previows of oveles in thie Monse Cavlo model
As discussed above, it was necessary 1o investigate how
many 1f cvcles had to be followed with the Monte Carlo
mdel before the periodic steady state was reached, and the
effect of all electrons onginating from previous of cyeles is
thereby taken ino account. Figure 9 shows the number of
electrons and superelectrons simulated with our Monte Carlo
model during three successive rf cvcles. At ar = 0, the
model starts with only a limited number of electrons at the
if electrode (3700 in this example). However, the number
of electrons multiplies rapidly due 1o ionization collisions,
which are very efficient around wr = 0 = 2m (sce Fig. 7).
At et~ w4, approximately 360,000 clectrons (and super-
electrons) are present i the plasma. Since the number of ion-
ization collisions is, however, very low around wf = 7 /2, and
sinee alot of electrons disappear at this time from the Monte
Carlo caleolations because of their low energy, determined by
ftoss (see above). the number of electrons decreases 1o ap-
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Fig. 9 MNumber of electrons {and superelecerons) [ollowed in the Monte
Carbe model as a function of teme, during three successive f cycles
{p = 6Tomr, P = 10W),

proximately 150,000 around wt = /2. However, as soon
as the f elecrode again becomes negative and the ionization
collisions are again more frequent. the number of electrons
rises again around wf = 7, and then stays more of less con-
stant until e = 37 /2. but then increases considerably to val-
ues on the order of 660,000 at wr = 2.

When the zecond rf cyele stants, the number of electrons
rises further since the iomzation collisions are sall very effi-
cient, but then it drops again, due to the low number of ion-
eation callisions and the rather high removal rate of electrons
(and the transformation into superelectrons), Somewhat be-
fore wt = 3mi= 2w + m) the ionization again becomes im-
portant, and the number of electrons increases at this point
slighily. but it decreazes again to a second minimum around
wi = v + 3w /2. whereafter it stants to rise considerahlv
once more as the ionization again becomes high. It can be ob-
served in Fig. @ that at the end of the second rf cycle. nearly
the same number of electrons 15 present as at the end of the
first rf cvcle. Further time evolution of the number of alec-
trons, in the third and in later of cycles, is exactly the same
as in the second rf cycle. This demonstrates that the periodic
steady state is already reached in the second of cvcle, at the
discharge conditions under investigation.

The same feature is illustrated in Fig, 10, which shows the
total number of electron impact excitation collizions as a func-
ticn of time in the of cycle, when 1, 2, 4, @ and 10 rf cycles
are simulated. The result when following 1 rf cycle is de-
noted by the dashed line, whereas the other calculated values
are depicted by the solid lines. It is seen that all solid lines
coincide with each other, which demonstrates that following
the elecirons during 2. 4, 6 or 10 of cycles vields the same
results. The dashed line. on the other hand, deviates from the
other curves until approximately est = /4. but further in the
rf cycle. it coincides with the other lines. This also indicates
that the periodic steady siate 15 already attained at the second
rf cyele.

4. Conclusions

A hybrid Monte Carlo-fluid model has been developed, to
describe the behavior of the electron: and argon ions in a ca-
pacitively coupled rf glow discharge. Moreover, Poisson's
equation is included in the fluid mode] to calculate the poten-
tial and clectne field. which are required in the Monte Carlo
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maode] to define the trajectory of the electrons.

The input data for the model are the cell geometry, the pas
pressure and discharge power, as well as the collision cross
sections. The typical results determined include the rf and de
bias voltages. the spatial potential distribution. the position of
the interface between the f sheath and the bulk plasma. the
electrical current. the densities of argon ons and electrons,
the electron energy and the collision rates of the various colli-
sion processes. These results are presented here as a function
of the two-dimensional position in the discharge and fime in
the rf cycle. In future research, we plan to perform some ex-
periments, to check the modeling resulis,

Moreover, it was investigated as to how many rf cycles need
to be followed in the Monte Carlo model before the penodic
steady state is reached, and the previous rf eycles ceased w af-
fect the present of cycle. It was found that the penodic steady
state was already reached at the second of cycle.
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