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Abstract. A modelng nerwork has been developed for Ar plow discharges with Cu cathode,
consisiing of several submodels, 1.2, Monte Carlo simulations, fluid approaches and collisional-
radiative models. The plasma species described in the models, include the electrons, Ar aioms.
Ar ions, Fast Aratoms, Ar atoms in various excited levels, sputtered Cu atoms and Cu ions, bt
m the groumd state and i vanous excited levels, In thiz paper, the models are described, and the
vitrions imput- data needed for the calculations are discussed. Typical results of the models
include the elecirical characteristics, the potennzl and electric field distributson, the densities,
fluses and energes of the vanous plasma specigs, information aboutl collision processes in the
plasma and about sputtering at the cathode, optical emission intensities, eic. Some of these
results will be presented here, to ilustrate the possibilitzes of the model

INTRODUCTION

Glow discharge plasmas are used in a large number of application fields, such as in
the semiconductor industry (for the deposition of thin layers and the etching of
surfaces), in materials technology (for the deposition of hard coatings), in the laser and
light industry. in flat plasma display panels, and also for the spectrochemical analysis
of {mainly) solid matenials [1]. In the latter application, the matenial to be analvzed 15
used as the cathode of the glow discharge, which is sputter-bombarded by plasma
species. The sputtered cathode atoms amive in the plasma, where their concentration
can be measured with atormic absorption or fluorescence spectromelry (glow discharge
atomic absorption spectrometry or fluorescence spectrometry; GD-AAS or GD-AFS).
Moreover, the atoms can become jonized or excited in the plasma. The corresponding
ions can be detected i a mass spectrometer (glow discharge mass spectromeiry;
GIMS), whereas the excited atoms and ions emit characterisuc photons which can be
detected with oprical emission spectromerry (GD-OES).

In order to improve the results of glow discharge analytical spectrometries, we have
developed a number of models to describe the behavior of vanous plasma species, The
models can, however, also be useful for other application fields.

Different kinds of models have been used in the literature to describe glow
dischurge plasmas, 1.e., analytical approaches, fluid models, Boltzmann equations,
Monte Carlo methods and particle-in-cell simulations. All these models have their
specific advantages and disadvantages. Therelore, we use a hybrid model, which 15 a
combination of (some of) the above models for the various plasma species, in order to
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combine the advantages and avoid the disadvantages of the individual models. In the
following, we will give a brief description of the models and show some typical
results.

DESCRIPTION OF THE MODELS

The hybrid model network is developed for an Ar plasma with a Cu cathode. The
species assumed to be present in the plasma are electrons, Ar gas atoms, Ar ions, fast
Ar atoms, Ar atoms in various excited levels, sputtered Cu atoms and Cu ions, in the
ground state and in excited levels. These species are described with a combination of
Monte Carlo simulations, fluid approaches and collisional-radiative models. Briefly,
the Monte Carlo simulations are used for the “fast” plasma species, which are not in
equilibrium with the electric field (such as fast electrons); the fluid approach 1s applied
for the “slow™ plasma species, which can be considered in equilibrium with the
electric field (like slow electrons or Ar ions); and the collisional-radiative models
describe the behavior of the atoms and ions in excited levels. An overview of the
various plasma species and the models used to descnibe them is given in Table 1.

The Monte Carlo models are all developed in three dimensions, whereas the fluid
and collisional-radiative models are two-dimensional. Indeed, the model network 1s
generally applied to cylindrically symmetrical glow discharge cells, so that the three
dimensions can be reduced to two dimensions. The model network has mainly been
applied to direct current (dc) glow discharges (see e.g., [2] and references therein), but
capacitively coupled radio-frequency (rf) discharges have been investigaled as well
([3] and references therein), and the modeling of microsecond pulsed discharges is in
progress [4]. Below, each of the models will be described in some more detail.

TABLE 1. Overview of the Different Plasma Species and the Models Used to Describe Them.

Plasma Species Model
Ar gas atoms no model (uniformly distributed + at rest)
or: 2as heating model (de case)
fast electrons Monte Carlo model
slow electrons fluid model
Ar', Ar'", Ar;" ions fuid model
Artions in CDS Monte Carlo model
tast Ar atoms in CDS Monte Carlo model
Ar atoms In various excited levels collisional-radiative model
sputtered Cu atoms: thermalization Monte Carlo model
Cu atoms and ions in ground state + excited levels collisional-radiative mode]
Cu” ions in CDS Monte Carlo model

Monte Carlo Model for the Fast Electrons

It should be mentioned that the electrons are split up in two groups, i.e., the fast and
slow electrons, depending on their energy. Indeed, the electrons are called “fast” when
they have enough energy to produce inclastic collisions. Since excitation and
ionization of Ar ground state levels are the most frequent collision types, the threshold
is in practice mostly defined at 11.55 eV (which is the lowest excited Ar level).




The fast electrons are simulated with a Monte Carlo model. A large number of
electrons are followed, one after the other, during successive time-steps. Their
trajectory during one time-step (At) is calculated with Newton's laws:
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where zg, Xo, yo and z, x, y are the position coordinates before and after Al,
VzgrVag-Vyg and Vi, vy, vy are the velocities before and after At, E,, and Eq are the

axial and radial electric field, as a function of axial and radial position and time
(obtained from the Ar ion - slow electron fluid model, see below), ¢ is the azimuthal
angle of the radial position (ie. the angle of the radial position coordinates with
respect to the x-axis), and q and m are the electron charge and mass, respectively.

The probability of a collision during that time-step, Prob., is calculated and
compared with a random number between 0 and 1:

Prob_, =1- exp[— Asx{no | Ej,il} (2)

where As is the distance traveled during At; n and o, (E) are the densities of the target
particles and the cross sections of the different collision types of the electron with
energy E. If the probability is lower than the random number, no collision occurs, and
the Monte Carlo solver continues with the next electron during that time-step. If the
probability is higher, a collision takes place. The collisions taken into account in the
model, are elastic collisions with Ar ground state atoms, electron impact ionization,
excitation and de-excitation for all Ar atom levels, Cu atom and Cu ion levels, and
also electron-electron Coulomb scattering. Elastic collisions and electron impact
excitation and ionization from the Ar ground state are the most frequent processes.
Their cross sections are adopted from ref. [5]. The cross sections used for detailed
electron impact 1onization, excitation and de-excitation between various excited Ar
atom and Cu atom and ion levels are explained in detail in refs. [6,7]. Some of these
cross sections are based on experimental data, others on quantum-mechanical
calculations, but most of them are obtained from empirical formulas (e.g., depending



on the energy difference between the levels), and are subject to considerable
uncertainties. Nevertheless, it appeared that they have only minor effect on the final
calculation results, because they determine only the level populations of the excited
levels (see below) and not the overall electron behavior. Finally, the cross section for
electron-electron Coulomb scattering is taken from ref. [8]. The accuracy of this cross
section 18 again not so important for the general electron behavior when only electrons
with energy above 11.535 eV are simulated with the Monte Carlo model. Indeed, the
cross section rises with decreasing energy (e.g,, it is 3x10"7 em? at 1000 eV and rises
to 10" cm” at 0.01 eV, but since the density of the target particles (i.e., electrons) is 4-
5 orders of magnitude lower than the Ar gas atom density, the process is, in practice,
only important at electron energies of a few eV and lower [6].

To determine which collision takes place, the partial collision probabilities of the
various collisions are calculated, and the total collision probability (which is equal to
one, since 1t 1s the sum over all partial collision probabilities) is subdivided in intervals
with lengths corresponding to these partial collision probabilities. A second random
number between 0 and | 1s generated, and the interval in which the random number
falls, determines the collision that takes place. Then, the new energy and direction
after collision are also defined by random numbers, based on energy and angular
differential cross sections [9-11] (see also refs [12-15] for more details).

This procedure is repeated for all electrons during that time-step. Then, the Monte
Carlo procedure 1s repeated during the next time-step, again for all electrons, and so
on, until (periodic) steady state is reached. However, the electrons can also be
removed from the Monte Carlo model, when they undergo recombination at the cell
walls, or when they are transferred to the slow electron group, which happens when
their energy drops below 11.55 eV (see above). Indeed, these “slow” electrons cannot
give mise to the most frequent inelastic collisions anymore, i.e., excitation and
ionization from the Ar ground state; their most important role is carrying the electrical
current and providing negative space charge, which can as well be described with a
fluid model (see below), to save calculation time. However, when we want to calculate
the detailed excitation and de-excitation between the various excited Ar and Cu levels
(for the collisional-radiative models; see below), all electrons, also the slow ones, are
simulated with the Monte Carlo model, because low energy electrons can cause de-
excitation or excitation to nearby levels. More information about this model,
developed for the de, rf and pulsed mode, can be found in refs. [4,12-16].

Fluid Model for the Slow Electrons and Ar ions

The slow electrons are described, together with the Ar ions, in a fluid model. It is
based on thermal equilibrium with the local electric field, which means that the energy
gained from the electric field is locally balanced by the energy lost due to collisions.
The fluid model consists of the continuity equations for ions and electrons, the
transport equations for ions and electrons, an electron energy balance equation for the
electrons (only used in the model when it 1s applied to the rf discharge, see [15,16]),
and Poisson’s equation to obtain the electric field distribution. Not only Ar" ions, but
also Ar" and Ar;" ions are considered in the model. This leads to 10 coupled
differential equations:
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n and j are the densities and fluxes, respectively, of the Ar ionic species and electrons.
Rpoa and Ryg, are the production and loss rates. Production of Ar' ions is due to
electron impact ionization, which is calculated in the electron Monte Carlo model
above, as well as Ar**-electron recombination. Loss of Ar* ions is due to Ar'-electron
recombination, atomic to leECuldI 1on conversion from Ar’ to Arﬁ, and electron
impact ionization from Ar* to Ar** The production processes for the Ar** ions include
electron impact ionization from Ar" qnd from Ar" (calculated in the Monte Carlo
model above). The loss processes are Ar’*-electron recombination and two-electron
asymmetric charge transfer with Cu® (which is a resonant process [17]). Production of
Ar;" ions is caused by Hombeck-Molnar associative ionization of Ar atoms, as well as
by atomic ion to molecular ion conversion (see above). Loss of Ar,* ions is assumed
to occur entirely due to dissociative recombination. Finally, production of the slow
clectrons is due to electron transfer to the slow electron group (calculated in the above
electron Monte Carlo model), whereas loss of these electrons is due to varous
electron-Ar 1on recombination mechanisms. The data needed to calculate the above

production and loss rates can be found in ref. [18]. Further, E is the electric field and
V is the electric potential. D and p are the diffusion coefficients and mobilities.
respectively, of the Ar ionic species and electrons, for which the values are given in
ref. [13]. Finally, in the electron energy balance equation: wgqqw is the slow electron
energy density (=nesiow€esiow, Where €esiow is the mean electron energy), q is the heat
flux [15], the first term in the right-hand side describes the energy gain by the electric



field (i.e., Ohmic heating) and the second term, Ry, c cjaw, represents the electron energy
loss due to collisions. It should be mentioned that this electron energy balance
equation is not included in our fluid model for the de or pulsed discharge. Indeed, once
the electrons are transferred to the slow electron group, which are described in the
fluid model, their exact energy is not so important, because they cannot give rise to
inelastic collisions (e.g., ionization) anymore. However, in the rf discharge, the slow
electrons can become heated again by the oscillating rf electric field, and they can
produce again ionization. Therefore, in the rf discharge, it is necessary to calculate
their energy with this energy balance equation in the fluid model, to compute the
ionization rate due to these electrons.

The four transport equations can be inserted into the four continuity equations,
leading to a set of five (or six) coupled differential equations (i.e., including Poisson’s
equation, and, in the rf case, the electron energy balance equation}. Due to the severe
non-linearity and strong coupling of the equations, solving this model is a difficult
numerical problem. The method we used was developed by Goedheer and coworkers
[19]. and is based on the Scharfetter-Gummel exponential scheme for the transport
equations [20,21]. The basic idea is that the particle fluxes are assumed constant
between mesh points, instead of the densities. The advantage of this scheme is its
ability to switch between situations where either the migration component or the
diffusion component of the particle flux is dominant (i.e. high and low electric field,
cathode dark space (CDS) and negative glow (NG), respectively). More details about
this model can be found in refs. [13-16,18].

Monte Carlo Model for the Fast Ar Ions and Atoms in the CDS

The Ar ions are not really in equilibrium with the strong electric field in the CDS
(this is the region adjacent to the cathode, characterized by a strong electric field), and
the fluid model is, therefore, only an approximation for the Ar ions in this region.
Therefore, the Ar ions are also simulated with a Monte Carlo method in this region,
which enables us to calculate the Ar ion energy distribution at the cathode, needed to
calculate the amount of sputtering (see below). Only the Ar* ions are treated with this
Monte Carlo model, because the Ar’* and Ar," ions have a lower density and flux, and
they play only a minor role in the sputtering process [18]. However, beside the Ar*
ions, also the fast (i.e., non-thermal) Ar atoms (Ar'), which are created from collisions
of the Ar ions, are followed with this Monte Carlo model, since it was found that they
play a dominant role in the sputtering process [12].

The Ar ion and fast Ar atom Monte Carlo model is similar to the electron Monte
Carlo model. During successive time-sleps, the trajectory of the ions and atoms is
calculated by Newton’s laws, and the occurrence of a collision, the nature of the
collision and the new energy and direction after collision are determined by random
numbers. The collision processes taken into account are elastic scattering collisions
with Ar ground state atoms, for both ions and atoms, symmetric charge transfer for Ar
ions (which is actually also a form of elastic collisions, because there is no change in
kinetic energy [22]), and ion and atom impact ionization, excitation and de-excitation
for all Ar atom levels. The cross sections for elastic collisions (with isotropic
scattering and with backscattering, i.e., so-called charge transfer [22]) are adopted




from [22]. The cross sections for ionization and excitation from the Ar ground state
are taken from [23]. These processes are generally not taken into account in plasma
models, but they were found to be important at the high discharge voltages of 1000 V
encountered in analytical glow discharges, since the cross sections increase with rising
energy, reaching a maximum around 1000-10000 eV. Indeed, we found that these
processes had to be incorporated in our models, in order ta predict the correct current-
voltage-pressure characteristics in dc analytical glow discharges [24]. Finally, the
cross sections for ionization, excitation and de-excitation from excited Ar levels are
described in [6]. Due to lack of data, we had to use empirical formulas to calculate
these cross sections, but again, this determined only the excited level populations (to a
small extent) and had no effect on the overall fast Ar 1on and atom behavior. More
mformation about this Monte Carlo model can be found in refs. [12,24,25].

Heat Transfer Model for the Ar Gas Atoms

In most cases, we have assumed that the Ar gas atoms are at rest, uniformly
distributed throughout the discharge, and no specific model is applied to describe their
behavior. However, recently we have developed a model for the de glow discharge to
calculate gas heating, and consequently the gas temperature distribution, which yields,
when the gas pressure i1s constant, a non-uniform gas density distribution. The gas
temperature is calculated with the heat conduction equation:

P
= (4)
K

+—-——|r—%
dr |

o°T, 19( aT, 1
dz®  rdr

where T, is the Ar gas temperature (function of z and r position), P is the power input
and K 1s the thermal conductivity (= 1.8x10* W em™! K! for Ar). The power input in
the Ar gas is calculated in the ion and atom Monte Carlo models, based on collisions
and subsequent energy transfer of the Ar ions, fast Ar atoms and Cu atoms (see below)
to the Ar gas atoms. A detailed explanation of this model, as well as the required mnput
data (such as the cathode temperature and thermal accommodation coefficients at the
cell walls), can be found in ref. [26].

Collisional-radiative Model for the Ar Excited Atoms

A collisional-radiative model is actually a kind of fluid model, specifically applied
10 atoms and ions in excited levels. It consists of a set of coupled balance equations
(one for each level) with various production and loss terms. Since the production and
loss processes are either due to collisions or radiative decay (see below), this mode] is
called “collisional-radiative mode]".

Figure 1 shows a schematic energy diagram of the Ar atomic levels taken into
account in this model. 64 Ar atomic excited levels are considered; most of them are
effective levels, i.e., a group of individual levels with comparable excitation energy
and quantum numbers. The four 4s levels (i.e., two metastable levels and two resonant
levels) are, however, treated separately,
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FIGURE 1. Energy level scheme of the Ar atoms, illustrating all the effective levels incorporated in
the collisional -radiative model [6].
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The behavior of the levels is described with 64 coupled balance equations, taking
inte account a large number of populating and depopulating processes:

dn,.(zr1) 13( on,.fzrt)) d’n,.(z.r1)
supet sy, g 2 it B k| g TE Rl SARA
FY *" rar[" ar J T s)

RF'VD'{{ .t ‘;I-_Rfm's{ .1 .j

The production and loss processes taken into account are: electron, Ar ion and atom
impact ionization from all levels, excitation and de-excitation between all the levels,



and electron-ion three-body and radiative recombination to all levels, as well as
radiative decay between the levels and Hombeck-Molnar associative ionization "(for
Ar® levels with excitation energy above 14.7 eV). Moreover, some additional
processes are incorporated for the 4s metastable levels, i.e., metastable atom -
metastable atom collisions, Penning 1onization of the sputtered Cu atoms, and two-
body and three-body collisions with Ar ground state atoms. The cross sections and rate
coefficients of all these processes are discussed in detail in ref. [6]. As mentioned
before, the cross sections for electron, ion and atom impact ionization and excitation
are mainly determined from empirical formulas. The cross sections for ele¢tron impact
de-excitation and for electron-ion recombination are obtained from the corresponding
electron 1mpact excitation and ionization cross sections, based on the principle of
detailed balancing. The Einstein transition probabilities for the 4s-4p and 4s-5p
transitions (which dominate the spectrum [27]) were obtained from [28], whereas the
values for other (less important) transitions were calculated on the basis of
intermediate and (j,K) coupling [29]. Hombeck-Molnar associative ionization was
initially not incorporated in the model [6], but was added later on (when the behavior
of Ar:" ions was described; see details in [18]), and it was found to be important for
the levels above 14.71 eV [30]. Finally, the additional data for the processes
concerning the 4s metastable levels, i.e., metastable atom — metastable atom collisions,
two-body and three-body collisions with Ar atoms, and Penning ionization, are taken
from the literature [31-34]. I should be mentioned that the rate coefficient for Penning
1onization between Ar metastable atoms and sputtered Cu atoms was difficult to find
in the literature. We used an empincal formula [33], which was fitted 10 some
experimentally obtained cross sections for certain elements (e.g., Zn, Cd and Mg)
[33,34] in order to arnve at approximate values for other elements, like Cu. It is clear
that most of these input data in the model are subject to large uncertainties, which will
be reflected in the excited level populations. However, the optical emission intensities
which we calculated from the excited level populations appeared to be in reasonable
agreement with experimental data (see [27]) which suggests that the above data are not
so critical for a realistic description of the excited Ar atoms.

Transport of the atomic levels occurs, in principle, by diffusion. However, the latter
plays only a role for the 4s levels, because the higher excited levels decay more
rapidly to the ground state by emission of radiation, than they could move due to
diffusion. Furthermore, when the two non-metastable 4s levels decay to the ground
state, a large fraction of the emitted radiation is again re-absorbed by the ground level,
leading again to formation of this 4s level. This phenomenon of “radiation trapping” is
accounted for by means of “escape factors™ which express the fraction of photons that
can really escape without being re-absorbed [35,36]. The escape factors we used were
calculated, based on combined Doppler and collisional line broadening [6].

The 64 balance equations are coupled to each other, because higher and lower
levels affect each other due to radiative decay, excitation and de-excitation. The
boundary conditions for these equations are na.»=0 at all walls, because the excited
levels will de-excite upon collision at the walls. More information about this model
can be found in refs [6,30] for the dc and the rf case, respectively.



Cathode Sputtering and Thermalization of the Sputtered Atoms

The flux of sputtered Cu atoms, Jgu, is calculated from the energy distribution
functions of the Ar ions, fast Ar atoms and Cu ions (see below) bombarding the
cathode (fo(E); calculated in the Monte Carlo models), multiplied with an empirical
formula for the sputtering yield as a function of the bombarding energy (Y(E) [37]):

J:.M - “_[ {}}M-Cu{ E j[-"r.a_ar' (E)+ -ﬂl.m}‘r E }JT Yol E ‘I'fu_-::-_' (E j}'jE (6)
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When the Cu atoms are sputtered from the cathode, they have energies in the order
of 5-10 eV. However, they lose these energies almost immediately in the first mm’s
from the cathode, by collisions with Ar gas atoms, until they are thermalized. This
thermalization process is described with a Monte Carlo model, similar to the electron
Monte Carlo model (see above), except that the electric field does not come into play
for the neutral atoms, and that only elastic collisions with Ar atoms are incorporated.
Indeed, collisions with other plasma species could be neglected, due to the lower
densities of these species. This Monte Carlo model is run until all atoms are
thermalized, and it results in a so-called thermalization profile, Fr, i.e., the number of
atoms thermalized as a function of position from the cathode. More details about the
collision cross sections and the scattering formulas can be found in ref. [38].

The product of I, and Fr will be used as source term for the Cu atoms, descnibed
in the following model.

Collisional-radiative Model for the Cu Atoms and lons

The further behavior of the thermalized Cu atoms (i.e., transport, onization and
excitation}, and the behavior of the excited Cu atoms and of the Cu ions (in the ground
state and in excited levels) 1s described with a collisional-radiative model. Eight Cu
atom levels, seven Cu” ion levels and the Cu™ ions are considered (see the energy
level scheme in figure 2). Some of the Cu atom and ion levels are grouped into
effective levels. The behavior of all the levels is again described with a set of coupled
balance equations with various production and loss terms, i.e., electron and atom
impact ionization from all levels, excitation and deexcitation between all levels,
radiative decay between all levels, electron-ion three-body recombination to the upper
Cu atom and Cu ion levels, Penning ionization by Ar metastable atoms, and
asymmetric charge transfer between Cu atoms and Ar ions. Moreover, an additional
production term for the Cu ground state atoms is the product of Jy,, and Fr, as is
described above.

The transport occurs by diffusion for the atoms, and by diffusion and migration for
the ions. The equations are also coupled due to the effect of higher and lower levels on
each other. More information about this model can be found 1n refs. [7,39], as well as
about the input data needed to calculate all the production and loss processes (which
are mainly taken from the literature concerning Cu vapor lasers; see e.g., [40,41]).
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FIGURE 2. Energy level scheme of the Cu atoms and 1ons [7]. The levels considered in the model are
presented in black. Reprinted from [7] with permission of Elsevier Science.

Monte Carlo Model for the Cu Ions in the CDS

Finally, the Cu 1ons are also treated with a Monte Carlo model in the CDS, because
they are not in equilibrium with the strong electric field in this region. The procedure
Is again comparable to the electron Monte Carlo model (i.e.. calculation of the
trajectory by Newton’s laws, and treatment of the collisions by random numbers); see
refs. [42,43] for more information.

Coupling of the Models

All the models are coupled to each other due to the interactions between the various
plasma species, i.e., the output of one model is used as input for the other models. The
models are solved iteratively until final convergence is reached, to obtain an overall
picture of the glow discharge. A schematic picture of the coupling procedure is given
in ref. [44,45]. The whole calculation procedure takes several days on a unix
professional workstation.




TYPICAL RESULTS OF THE MODELS

Table 2 presents an overview of typical results abtained with the models. All these
plasma quantities can be calculated for different discharge conditions (voltage,
current, power, pressure), operation modes (dc, rf or pulsed) and cell geometries (see
e.z., [46-48]). To test the validity of the models, the calculated quantities must be
compared with expenimental data. Such a comparison has been carried out for some
quantities (when expenmental data were available; see Table 2), and in general,
reasonable agreement between experimental and calculated results was reached.

Some of the characteristic calculated plasma quantities are illustrated in Figure 3,
for a simphfied analytical glow discharge cell geometry of 1 cm length, at typical
discharge conditions used for GDMS (ie., dc discharge at 1000 V, 3 mA, 0.5 Torr).
The discharge consists of three regions (see part a): a cathode dark space (CDS,
adjacent to the cathode), a negative glow (NG, which fills the main part of the
discharge), and an anode dark space (ADC, adjacent to the anode).

The calculated potential and electric field distributions are shown in part (b). The
potential (solid line, left axis) is -1000 V at the cathode and increases to zero at about
0.24 cm from the cathode. The position where the potential crosses the zero-line is
defined as the interface between CDS and NG. The potential is slightly positive in the
NG (i.e., a few V; which is called the plasma potential) and decreases to zero at the
anode. Hence, the NG is the most positive part of the discharge. The electric field
(dashed line, right axis) is extremely negative at the cathode (-8 kV/cm) and increases
almost linearly in the CDS. It does not cross the zero-line at the CDS-NG interface but
bends off 1o a small negative value in the NG. It goes through zero at about 0.7 ¢m and
then takes small positive values. Close to the anode it rises to about 200 Viem.

Parts (c) and (d) present the density profiles of the various plasma species. The Ar
metastable atom density (part (c), dashed line, left axis) reaches a maximum of about
10" cm” rather close to the cathode and decreases to low values in the rest of the
discharge. The Ar ion density (pan (c), sohd ling, left axis) is low and more or less
constant in the CDS and reaches a broad maximum of about 5x10'" em™ halfway the
discharge, whereafter it decreases to a low value at the anode. The slow electron
density (part (c), solid line, left axis) is zero in the CDS and close to the anode and it is
almost equal to the Ar ion density in the NG. This gives rise to a net positive space
charge in the CDS and close to the anode and nearly charge neutrality in the NG. The
latter defines the characteristic potential and electric field distributions presented in
part (b). The fast electron density (part (c), solid line, right axis) reaches a maximum
in the beginning of the NG; it 15, however, four orders of magnitude lower than the Ar
ion and slow electron densities, and hence does not contribute to the space charge. The
sputtered Cu atomn density (part (d), left axis) is at its maximum {ca. 6x10"* ¢cm™) close
to the cathode and decreases almost linearly towards the anode. The Cu ion density
(part (d), right axis} shows the same profile shape as the Ar ion density but is about
two orders of magnitude lower. From part (d) it can also be deduced that the ionization
degree of sputtered Cu atoms (i.e., the ratio of Cu ion to Cu atom density) is of the
order of 0.1 %. This calculated value should not be considered too strictly; it depends
strongly on the discharge conditions, cell geometry and kind of cathode material; for
other conditions, values in the order of a few % were calculated [46,55).



TABLE 2. Overview of the Typical Results Obtained with our Models, and Comparison. with

Experimental Data, if Availahle.

Calculated Quantities (+ references for more information)

References for Comparison
with Experiment

Electrical characterstics;

* Ar metastable atoms

* other Ar excited levels

* fast electrons

* thermal electrons

* atoms of the cathode material

* wons of the cathode material

* cathode atoms + 10ns 1n excited levels

6,3043 44,32
6.30

12-14.44
4.13-16,44
7.39.42-44
7,39,42-44
130

Current as function of voltage and pressure (de) 24.44 46 24 .44

Rf amplitude and dc bias voltage (rf) 16 49

Yoltage, current, power as function of time (pulsed) | 4 50

Potential, electric field distributions:

3D potential distributions 4,13-16.44 . k
3D axial and radial electric field distributions 4.13-16.94 =

Lengths of the different regions (CDS, NG) 4.13-16.44 31 {Aston formula)
3D density profiles of:

= Ar atoms {gas heating) 26

* Ar*, Ar*" and Ar," ions 4,13-16,18,44 | -

* fast Ar atoms 12.44

53 (LIF)

34 (Langmuir probe)
35 (LIF)
35 (LIF)

transfer and electron impact ionization of sputtered
atoms; relative contributions to the total ionization

® rates and relative contributions of the various
populating and depopulating processes (see text) of
the metastable and other excited Ar levels

6,30.43,44.52

lon fluxes of various Ar and cathode ions at the exit | 18,4748 47,56 (rauos in glow
slit of the cell to the mass spectrometer discharpe mass spectra)
lomzation degrees of Ar and cathode atoms 42-44 55 (based on LIF results)
3D enerpy distributions and mean enerpies

¥ glectrons 12.13,15,44 -

AT 1ons 12,25.44 57 {at cathode)

* fast Ar atoms 12,2544 .

* cathode ions 42 44 57 (at cathode)
Information about collision PIOCEsSEes:

* collision rates of the variouws collision processes of | 4,12-10.24.44

electrons, Ar® ions and fast Ar atoms

* rates of Penning ionization, asymmetric charge | 7,39.42-44 .

* rawes and relative contributions of the various | 7,39 -
populating and depopulating processes {see text) of

the excited Cu atom + ion levels

Information about sputtering:

* Sputtering (erosion) rates at the cathode 39,44 46 58 59,60
* Thermalization profiles of the sputtered atoms 3544 -

* Amount of redeposition on the cathode by | 38,4458 -
backscattering or backdiffusion

* Relative contributions of Ar ions, fast Ar atoms | 12,36,42-44 -

and cathode ions to the sputtering process

* 2D crater profiles due to sputtering at the cathode | 58 39
Emission spectra  and atia istributions _ of | 27.61,62 27,62
emission intensities for Ar and Cu atoms + ions

Effect of cell geometry 47,48 E
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FIGURE 3. Calculated characteristic plasma quantities in one dimension, at 1000 V, 3 mA and 0.5
Torr (de conditions). (a) discharge geometry; (b) potential and electric field distributions; (¢) number
density profiles of Ar metastable aloms (Ary*). Ar® ions and slow (e,) and fast (') electrons; (d)
number density profiles of sputtered Cu” atoms and Cu® ions; (e) fluxes of Ar” ions, fast and slow
electrons, and total flux flowing through the discharge; (f) mean energies of electrons, Cu ions, Ar 1ons
and fast Ar atoms throughout the discharge: (g} ionizanon rates of Ar atoms (total + individual
processes); (h) ionization rates of Cu atoms (total + individual processes).



The fluxes of the dominant current carriers are indicated in part (e). In the C]j$
most of the current is carried by the Ar ions, which are directed towards the cathode
by the strong electric field in front of it. The fast electron flux at the cathode is about
an order of magnitude lower than the Ar ion flux (determined by the ion induced
secondary electron emission coefficient, which is in the order of 0.1) and it is in the
opposite direction (i.e.. away from the cathode). It increases in the CDS and remains
nearly constant in the NG. The slow electron flux, on the other hand, is zero in the
CDS. Indeed, slow electrons are assumed not to be present in this region since they
would immediately be accelerated by the electric field and they would net remain in
the slow group. Their flux increases, however, considerably in the NG, as more and
more last electrons are slowed down by collisions and are translerred to the slow
electron group. In the NG, most of the current is carried by the (slow) electrons. The
Ar1on flux changes sign in this region; hence Arions will bombard the anode as well,

Part (f) shows the mean energies of electrons, Cu 1ons, Ar ions and fast Ar atoms,
as a function of distance from the cathode. The electrons (no. 1) start at the cathode
with rather low energies, and they gain energy in the CDS from the electric field. They
lose, however, also energy by collisions, so that their mean energy at the CDS-NG
interface 1s not equal to the discharge voltage, but is about 50 % of this value. The
electron energy decreases in the NG, since the electrons do not gain energy from the
electric field anymore (which is very small, see pan (b)) but they lose their energy
more efficiently due to collisions. Further in the NG, the electron energy remains more
or less constant since the electrons travel back and forth in this region. The Cu ions,
Arions and fast Ar atoms are more or less thermalized in the NG, but their energy
increases as they move towards the cathode. The mean Cu ion energy (no. 2) at the
cathode is about 700 eV (hence about 70 % of the discharge voltage), since the Cu
1ons do not lose their energy very efficiently by collisions. Indeed, they are only
subject to elastic collisions with Ar atoms; asymmetric charge transfer collisions with
Ar atoms have a lower cross section, and symmetric charge transfer with Cu atoms is
of low probability due to the much lower Cu atom density compared to Ar atom
density (the latter 1s ca. 10" em™). The Ar ions (no. 3), on the other hand, reach a
maximum mean energy of only about 150 eV (1.e., 15 % of the discharge voltage) at
the cathode, since these species lose the energy they gained from the electric field very
efficiently due to symmetric charge transfer collisions with Ar atoms. The mean
energy of the fast Ar atoms (no. 4) at the cathode is only in the orderof 30 eV (ca. 3 %
of the discharge voltage). Indeed, these species are created from the Ar ions with
energies corresponding to the Ar ion energies, but they cannot gain more energy from
the electric field. It should be mentioned that the term “fast™ Ar atoms is used for those
atoms which are not thermalized, and have energies higher than ca. 0.05 eV,

From the energies and the fluxes of the species bombarding the cathode (i.e.,
Ar tons, fast Ar atoms and Cu ions), the amount of sputtering can be calculated. It is
generally found that the flux of fast Ar atoms bombarding the cathode is definitely
higher than the fluxes of Ar ions and Cu ions. Therefore, the fast Ar atoms play a
dominant role in sputtering [12]. However, the efficiency of sputtering increases with
the energy of the bombarding particles and with their mass [37]; therefore, it is
expected that the contribution of Cu ions to sputtering (so-called self-sputtening) is
non-negligible, in spite of their lower total flux, and this contribution rses



significantly with pressure and voltage. It was calculated that the fast Ar atoms, Ar
ions and Cu ions contribute for about 30-70 %, 20-30 9% and 0.1-50 % to the
sputtering, respectively, at the typical discharge conditions used in analytical glow
discharges (i.e., 600-1200 V, 1-50 mA, 1-5 Torr) [44,46].

Finally, parts (g) and (h) of Figure 3 present the ionization rates of Ar atoms and Cu
atoms, respectively. The Ar atoms are mainly ionized by electron impact 1onization,
but fast Arion and atom impact ionization play also a role in the CDS, especially close
to the cathode where the Ar ions and atoms reach their maximum energy (see part (f)).
Integrated over the entire discharge region, electron, fast Ar ion and atom impact
ionization contribute for about 90 %, 2 % and 8 %, respectively, to the ionization of
Ar. A more or less similar figure can be made for the excitation rate of Ar atoms, with
a maximum adjacent to the cathode due to fast Ar ion and atom impact excitation and
a second peak in the beginning of the NG caused by electron impact excitation. This
corresponds well with the luminous imtensity throughout the glow discharge: the NG s
the most Juminous part of the discharge, but close to the cathode, a bright layer is
often observed, called the cathode glow. For the ionization of sputtered Cu atoms, Ar
ion and atom impact 1onization are not included in the model, basically because no
cross sections are available in the literature and also because these processes are
probably not important for the general ionization of Cu atoms. Indeed, besides
electron impact ionization, two other processes come into play for the sputtered atoms,
i.e., Penning ionization by Ar metastable atoms and asymmetric charge transfer with
Ar 1ons. Both these processes seem to be more important than electron impact
ionization. The relative contributions of Penning ionization, asymmetric charge
transfer and electron impact ionization, integrated over the entire discharge region,
were calculated to be about 60 %, 36 % and 4 %, respectively, at the discharge
conditions of 1000 V and 3 mA. These values are only approximate, because the rate
coefficients of Penning iomization and especially of asymmetric charge transfer are
subject to uncertainties. Moreover, these calculated contributions depend strongly on
the discharge conditions, cell dimensions and especially kind of sputtered material.
Nevertheless, we found for all conditions investigated that Penning ionization and
asymmetric charge transfer were more important than electron impact ionization.
Since the latter process is the dominant one for Ar atoms (see above), it follows that
the sputtered atoms are more efficiently ionized than the Ar atoms. Indeed, we
calculated typical ionization degrees of 10°-107 for Ar, and in the order of 10™*-5x107
for the sputtered atoms (Cu, Ta, ...).

CONCLUSION

A hybnd modeling network has been developed, consisting of Monte Carlo, fluid
and collisional-radiative models to describe the various species in glow discharge
plasmas. The different submodels are explained, and the data needed to solve the
models are discussed. It is clear that the modeling network requires a large number of
input data. Some of them are rather well-known (e.g., electron impact ionization and
excitation cross sections from the Ar ground state), but most of them are subject to
large uncertainties (e.g., the cross sections for excitation and ionization from various



Ar and Cu excited levels). Fortunately, the latter data do not affect the overall madel
calculations to a large extent, they determine only the excited level populations. The
data which have the largest influence on the overall model calculations are the
electron, Ar ion and atom impact 1onization cross sections from the Ar ground state (of
which the first is well-known, but the two others are subject to larger uncertainties), as
well as the gas pressure and temperature (of which the latter is also generally
unknown, and can be significantly higher than room temperature [26]). Indeed, these
data determine the number of ionization collisions, and hence the creation of electrons
and Ar 1ons, and therefore also most other collhision rates, and the densities, fluxes and
energies of the wvarious plasma species, as well as the total electncal current.
Nevertheless, it has been shown that the calculated current is in reasonable agreement
with experimental values, which suggests that the input data used in the model are
sufficiently reliable.

In order to show the possibilities of the model network, an overview 15 given of the
typical results that have been calculated, and some of them are illustrated. Reasonable
agreement has been reached between the model results and experimental data, which
suggests that our models present a realisuc picture of the analytical glow discharge.
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