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Two-Dimensional Model of a Direct Current Glow
Discharge: Description of the Argon Metastable
Atoms, Sputtered Atoms, and lons

A. Bogaerts* and R. Gijbels

Department of Chemistry, Uiniversity of Antwerp (LIA), Universiteitsplein 1, B-2610 Wiljik-antwerp, Belgium

A two-dimensional model is presented that describes the
behavior of argon metastable atoms, copper atoms, and
copper ions in an argon direct current glow discharge, in
the standard cell of the VGO000 glow discharge mass
apectrometer for analyzing flat samples. The model is
combined with a previously developed model for the
electrons, argon ions, and atoms in the same cell to obtain
an overall picture of the glow discharge. The results of
the present model comprise the number densities of the
described plasma species, the relative contributions of
different production and loss processes for the argon
metastable atoms, the thermalization profile of the sput-
tered copper atoms, the relative importance of the differ-
ent jonization mechanisms for the copper atoms, the
ionization degree of copper, the copper ion-to-argon ion
density ratio, and the relative roles of copper ions, angon
ions, and atoms in the sputtering process. All these
guantities are caleulated for a range of woltages and
pressures. Moreover, since the sticking coeflicient of
copper atoms on solid surfaces is not well-known in the
literatiire, the influence of this parameter on the resulis
is briefly discussed.

Glow discharges are becoming widely accepted as sources for
analytical techniques, ke mass spectrometry, optical emission
spectrometry, and atomic absorption spectrometry.~ To acquire
better results in these fields of application, a goed understanding
of the glow discharge iz desirable. One way to attermpt this is by
mathematical modeling. In & previous paper,? a two-dimensional
maxdel was developed o describe the electrons, argon ions, and
fast argon atoms in a direct current {dc) glow discharge. These
species are of mejor impoertance for the description of the electrical
characteristics of the glow discharge. However, besides the
elecirons, argon ions, and argon atoms, other kinds of species
are present in the glow discharge plasma as well, The cathode
of the glow dischange consists of the material to be analyzed. Upon
bombardment of the cathode surface by the plasma species, atoms
of the cathode material are released and enter the plasma. Since
these atoms are of special interest for analytical purposes, the
present mode] focuses on these species. The model is intended
to describe a glow discharge used as an fon source for mass
spectrametry. Therefore, the behavior of the atoms of the cathode
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material iz calcubated, as well as the behavior of the corresponding
ions. Ionization processes incorporated in the model &re Penning
ionization by argon metastable atoms (eq 1), asymmetric charge
transfer by argon iong (eq 2) and electron impact tonization (eq
1). The data required to calculate the latter two processes (e,

Cu”+ Arr —Cu" + A + e (1)
Cu + Ar® —Cut + Arf® (2
Cu’+e —Cu* + 2e” 3

the argon kon density and electron flux) are taken from the model
described in ref 3. To compute the Penning jonization process,
the argon metestable atom density is required, which will therefore
also be caleulated in this paper. Hence, the present model treats
the argon metastable atoms, the sputtered atoms and the corre-
sponding ions.

The behavior of the argon metastable atoms is calculated with
a balance equation taking into account all known production and
loss processes, The sputtered atoms and corresponding ions are
degeribed with three combined models, ie., (i) a Monie Carlo
maddel to compute the thermalization of the sputtered atoms after
they leave the cathode, (i) a fluid model to describe the transport
of the atoms and iomns, and (i) a Monte Cardo mode] to simulate
the behavior of the ions explicitly in the cathode dark space.
Copper is taken as an example, but the caloulations can be carried
out for other elements, too.

The models have previougly been presented in one dimension,
except for the model describing the thermalization of the spottered
atoms, which was previously developed in three dimenstons; ie.,
the one-dimensional model of the metastable atoms was developed
in ref 5, and the one-dimensional model describing the sputtered
atoms end ions wes dealt with in ref 6, [n the present paper, the
maodels are extended to the complete three-dimensional peometry,
corresponding to a standard cell of the VGO000 glow discharge
mass spectrometer (VG Elemental, Fisons). By coupling the
preseni model with the two-dimensional mode] described in ref
3, an overall picture of the most important species in the de glow
discharge in argon can be obtained.

DESCRIPTION OF THE MODEL
A. Model Assumptions. As inref 3, the discharge grometry
to which the models are applied is that of the socalled new
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standard discharge cell of the VGS000 glow discharge mass
spectrometer (VG Elemental, Fisons) for analyzing flat samples,
with argon as the discharge gas and copper as the cathode (zee
Figure 1 of ref 3). Since the glow discharge cell is cylindrically
symmetrical, the three-dimensional geometry can be reduced to
two dimensions, and the model is therefore actually a two-
dimensional one. It is again assumed that the cell is in a closed
configuration, without gas inlet or exit slit to the mass spectrom-
eter, which implies that there is no gas flow and that the argon
gas is more or less at rest, uniformly distributed throughout the
cell. This approximation seems to be justified, since the gas
consumption rate in the glow discharge cell is, indeed, very low
(1 gas tank (70 bar) in 5 vears). Moreover, the gas inlet area is
0.0013 cm® (0.4 mm diameter), and the exit slit area is 0,001 cm?
(1 mm long and 0.1 mm wide). Both areas are small for a cell
wolume of about 4.9 o, and 50 it is expected that the gas inlet
and exit slit will have no large effect on the calculations. This
fullows also from experimental observations, Indeed, the gas inlet
is at the side walls and would therefore perturb the cylindrical
symumetry of the cell. Nevertheless, the experimentally obtained
crater profiles are found to be cylindrically symmetrical,

The plasma is assumed to consist of the following species:
argon gas atoms at rest (Ar), singly charged positive argon ions
[Ar*), fast argon atoms (Ar%). fast and slow electrons, argon
metastable atoms (Ar*.), and atoms and fons of the cathode
material (Le., Cu® and Cu*). The argon ions, fast argon atoms,
and fast and slow electrons were described in the model of ref 3,
The present model treats the argon metastable atoms and the
copper atoms and ions,

B. Argon Metastable Atom Model. The density of the
metastable atoms is calculated by solving a balance equation
composed of the different production and loss processes of the
metastable atoms. Argon possesses two metastable levels, lying
close to each other, ie., the (3pids) 7P, level and the (3pids) *F,
level, at 11.55 and 11.72 eV above the ground state, respectively.
Since the Ty level is a factor of 5—10 less populated than the P,
level™® and since we are interested only in the total argon
metastable atom density, the two metastable levels are combined
in one collective level, lying at 11.55 eV,

The production processes incorporated in the model are (i)
fast electron impact excitation from ground state argon atoms,
inchuding cascading from higher energy levels, i) fst argon jon
impact excilation from ground state argon aloms, (i) fast argon
dtom impact excitation from ground state argon atoms, and ()
radiative recombination between argon fons and slow electrons,
Loss processes taken into account comprise (i) fast electron
impact jonization from the metsstable level, (i) faet electron
impact excitation from the metastable level to kigher energy levels,
(i) electron quenching, which means collision with thermalized
electrons, leading to the transfer of the metastable level to the
nearby resonant levels (e, the (3pds) *P; and the (3pids) 1P,
levels, at 1162 and 11.683 eV above the ground state, respectively),
{iv} metastable atom—metastable atom collisions resulting in the
ionization of one of the atoms, (v} Penning ionization of the
sputtered copper atoms, (v) two-body collisions with argon ground
state atoms, and (vil) three-body collisions with angon ground state
atoms. An additional loss process results from diffusion to the
walls, followed by deexcitation at the walls. Since the gas is
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assumed 1o be pure argon, destruction of argon metastable aloms
by impurity gas molecules is neglected. These production and
loss processes yield the following two-dimensional balance equa-
tio:

e 1 af M ] g,
= ~Pegiit ) D
Roos@9) = Ry lan) (&)
where
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The first term in eq 4 is zero under the present steady state
conditions. R represents the rate of & process, and k means the
rate constant; 2 and r are the axial and radial coordinates,
respectively; » represents the density; and D is the diffusion
coefficient. The fourth term on the rght-hand side of the equation
involving Ry, ie., the term deseribing the loss by argon
metastable atom—metastable atom collisions, contains a factor 2.
Indeed, two metastable angon atoms are lost in one such collision
process. A more exhaustive treatment and numerical values of
the different coefficients can be found in ref 5.

The loss due to diffusion and subsequent deexcitation at the
walls is determined by the boundary conditions, ie., Ay =0at
all walls. The balance equation (differential equation) is converted
into a finite difference equation and then sobved with the Thomas
algorithm.#

C. Model of the Copper Atoms and Tons, (1) Deseription
of the Thermalization Process of Copper Atoms by @ Monte Cario
Method. The atoms of the cathode material (copper) are sputtered
awsy from the cathode due to the bombardment by plasma species
(i.e., argon ions, fast argon atoms, and copper ions). They arrive
in the plastna and lose their initial energies of a few electronvolts
almost immediately upon collisions with the argon gas particles,
whereafter they diffise further into the plasma or back toward
the cathode. Since the thermalization process is much faster than
the diffusion, it can be assumed to be already finished when
diffusion starts.'! Both processes can therefore be separated in
time whes modeling the behavior of the sputtered atoms, i.e., the
mnnﬂnhunufﬂmrhmuhmmpmrmﬂhmaﬂmalhmw
profile, which is used afterward as the starting distribution in the
description of the diffusion process (see further discussion).

The thermalization process is described by a three-dimensional
Monte Carlo simulation, Le., calculating the trajectory of the
sputtered atoms by Newton's laws and treating the elastic

() von Rosenberg, DU T Methods for the Numsrical Solution of Partial
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collisions with argon ges atoms by random numbers. The
complete description of this model is given in ref 4.

(2] Description of the Further Transport of Copper Atems and
Tons by @ Fluid Model When the copper atoms have been
thermalized, further transport is diffusion dominated. The pro-
duction term of copper atoms is therefore given by the fux of
sputtered copper stoms from the cathode, J, multiplied by the
normalized spatial distribution of the copper atoms after thermal-
ization, i.e., the thermalization profile, Friz,r). The copper atoms
can be ionized in the glow discharge plasma, leading to the
formation of copper ions. The three ionization mechanisms
incorporated in the model are Penning jonization by argon
metastable atoms (Reta- ), asymmetric charge transfer by argon
fons (keit-), and electron impact ionization (Rego). These
processes determine the boss of copper atoms and, at the same
time, the production of copper ions (Rumc! = Ruedcw). The
transport of the copper ions is controlled by diffusion and by
migration in the electric field. Loss of copper lons by electron—
ion recorbination, iz neglected 1! The above-described behavior
of copper atoms and jons is expressed by the following equations;

in #
__ﬂc“rﬂ C‘u) Dc,.,._ "Cu.

R,.-nd,cn{%ﬂ = Ry a8

'hcu_

-uCu—r. ﬂr{m':"*E'} Dc..-.-l 5{"_""]

Puc.
oy E) = D ;T = Rnece- @) (6)

Rivns.culer) = JyFrlan)

Ripescalt?) = Ry - (27) =
e 20) (B oy (2] + ket (2.0) + kpy (2.0)]

where u represents the mobility of the ions, and the other symbols
are as defined previously. The full explanation and numerical
values of the different terms can be found in ref 6. The value of
the Penning ionization rate constant is assumed to be 2,36 « 10-10
om’ 57", asin ref 6. The value of the charge transfer rate constant
between Art and Cu? is taken to be 2 = 107" cm? 57, which is
adapted from ref 12; rate constants of this process are very diffcult
to find in the literature. This process occurs only if the energy
difference between the argon ion ground state (or metastable
level) and the resulting analyte jon is “sufficiently small”. Since
the rate constant was not directly measured in ref 12, but was
deduced from a fitting procedure in a mathematical model, it can
be subject to uncertaintics. However, bor is of the same order of
magnitide as kpp when the ion possesses suitable energy levels
for asymmetric charge transfer,®™ Copper ions possess no
energy levels having good overlap with the argon jon ground state
level; however, there is one energy level that overlaps well with
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the argon fon metastable energy level ¥ Since we could not find
more accurate data, we used the above-mentioned ker value in
our model.

The above continuity equations of copper jons and atoms are
coupled through Ruwce = Rsacer. The coupled equations are
comverted into finite difference equations, and the resulting bi-
tridiagonal system is solved with the extended Thomas algorithm ¢

The boundary conditions for these equations are somewhat
different from the ones used in ref 6. For the copper ions, the
boundary conditions of ng,+ = 0 (Le., sticking coefficient A, = 1)
and Vaes =0 (Le., sticking coefficient A. = 0 at all walls gave
exactly the same results, which tells us that the boundary
conditions have no significant influence for Cu*. This was also
observed by van Veldhuizen and de Hoog' For the copper
aloms, however, varying the boundary conditions between me, =
0 (sticking coefficient Ay = 1) and Vag, = 0 (sticking coefficent
Ay = ) yielded different results for the copper atom density. A
lot of models describing the behavior of sputtered atoms use the
boundary condition my = 0 without justification. %517 However,
it has been suggested that the sticking coeffident of atoms, A, is
different from 11X Inref 11, it is stated that A, may vary between
0.5 and 0.01, depending largely on the structure of the surface.
We have measured three-dimensional number density profiles of
sputtered tantalum atoms in a six-way cross glow discharge with
laser-induced fluorescence.” These measured density profiles
showed good agreement with the modeling calculations if &
sticking coefficient of 0.5 was assumed. Therefore, we have
adopted this value of 0.5 also in the present model. Since the
actual value of A, is unknown, we will discuss briefly the influence
of this paremeter on the results in this paper.

(-3} Descripiion of the Bekavior of the Copper fons in the Cathode
Dark Space by @ Mente Carle Model. The copper ions are not in
hydrodynamic equilibrium in the cathode dark space (CDS),
where a strong electric field is present Indeed, the jons gain
more energy from the electric field than they lose due to collisions,
In ref &, it was shown that the calculated fhee energy distribution
of the copper ions bombarding the cathode is characterized by a
peak at maximum energy, Le., the energy corresponding to the
full voltage drop in the CDS. This means that most of the copper
ions have lost no apprecizble energy due to collisions in the CDS,
As was illustrated in ref 6, the caleulated energy distribution was
in excellent agreement with experimentally measured ENErgy
distributions at the cathode of the VG000 glow discharge mass
spectrometer. ®

Since the copper ions are not in hydrodynamie equilibrium
wiﬂlﬂitmmelﬂ:hinﬁﬁlﬂhuleﬂﬂﬁ.ﬂmrmhtﬂtdmtmﬂy
with a fluid model (see section 2 above) but also explicitly, in the
CDS, with a Monte Carlo simulation. Input data for this model
are the fhux of copper ione entering the CDS from the negative
glow (NG) and the number of copper ions ereated in the CDS.
Both data are taken from the above-described finid approach. Only
elastic collisions with argon gas atoms are taken into account in
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Figura 1. Flow chart of the combined models.

this Monte Carlo model, since the ather kinds of collisions are
considered to be negligible® The complete description of this
model (ie, calculaion of the trajectory by Newton's laws,
treatment of the collisions by random numbers, coupling to the
copper atom and ion fluid model, etc.) is given in ref 6. One of
the important results of this model is the flux energy distribution
of the copper ions bombarding the cathode, which is used,
togethier with the flux energy distribution of argon jons and fast
argon atoms at the cathode, to caleulate the flux of sputtered
copper atoms from the cathode, .

D. Combination of the Different Models. The different
models described in the present paper and in ref 3 are coupled
and sohed by an iterative procedure, in order to obtain an overall
picture of the glow discharge. The flow chart of the coupling is
presented in Figure 1.

The fast electron, argon lon, and fast argon atom Monte Carlo
models (e~ /Ar*/Ar, MC models) and the argon ion—sbow
electron fluid model (Ar/e- fluid model) are solved iteratively
until convergence, similar to the explanation in Figure 3 of ref 3,
The details are not inchided here, since it would make the present
fow chart too complicated.

The results of these calculations that are of importance for
the argon metastable atom model (Ar*, model) and for the copper
atom and ion model (Cu model) are the following. The e~ MC
model yvields the electron impact excitation rate to the metastable
level (R, ) and the electron impact excitasion and ionization rates
from the metastable level (R pe and By e, which are used as
production and loss terms, respectively, in the Ar®, model. It
also ghves the electron impact ionization rate of copper atoms
(Rercy), which is used as loss term for Cu and production term

for Cu™ in the Cu model. In the Art/Af% MC model one
calculates the ion and atom impact excitation rates to the
metastable level (B and B, o, which are production terms in
the Ar'y model. Also, the argon ion and atom flux energy
distributions at the cathode (i(0,£) and f,{0,E), respectively) are
obtained; these values are needed in order to calculate the fux
of sputtered copper atoms in the Cu model. Finally, the Art/e-
fluid model yields the argon ion and slow electron number
densities (ma+ and #.,), which are exploited in some production
and logs terms of the Ar*, model (Le,, electron=ion recombination
and electron quenching, respectively). Moreover, the argon ion
number density (wy+) and the electric feld distribution (E)
resulting from this Ar* /e~ fluid model are made use of in the Cu
model for the charge transfer fonization and for the migration
component of the copper fon transport, respectively,

With these input vahues, the Ar*. model and the Cu model
are solved. The Ar*, model ylelds the argon metastable atom
density (me-_), which I3 required for the Penning jonization rate
of the copper atoms in the Cu model. Then, the Cu model is
calculated. The Monte Carlo model of the copper atom thermal-
ization process (Cu MC mode]) yields the thermalization profile
(Fr), which iz the input in the Cu atom—ion fuid model (Cu/
Cu* fluid model). Results of the Cu/Cu* fluid model include,
among others, the flux of copper fons entering the CDS (o, (d.#),
where d; represents the (axdal) length of the CDS) and the number
of copper ions created within the CDS (Rgculz), where both
are needed in the Cu jon Monte Carlo model (Cu* MC mode]),
One of the results of the Cu* MC model is the fux energy
distribution of copper jons bombarding the cathode (fe ' (0.E)),
which allows the calculation of the updated flux of copper atoms
sputiered from the cathode, used in the Cu MC mode] and in the
Cu/Cu* fiuid model. The Cu MC model, the Cu/Cu* fluid model,
and the Cu* MC model are solved iteratively until convergence
is reached (lypically after two or three iterations). The resulting
copper atom number density (ac,) is then put into the Ar*, model
for the Penning ionization loss term. The Ar* model and the
total Cu midel are solved iteratively until convergence, which is
reached typically after two iterations.

The results of the Ar*, model and the Cu model that are of
importance for the e~ /Art/Ar% MC models and for the Ar* /e
fluid model, are the following. The Ar*, model yields the argon
medastable atom number density (ma._), which is used to
recalculate the electron impact excitation and jonization rates
{Reze mer A0 Eigp ) in the &~ MC model. Moreover, some of the
production and loss terms can influence the argon fon and slow
electron number densities in the Art/e- fluid model, although
this effect is almost neghigible. The Cu model yields the copper
atom number density (ng,), which determines the new electron
impact ionization rate of copper (Bgcd in the e MC model The
copper jon number density (ng,) can influence the elecric field
distribution in the Ar*/e” fluid model The asymmetric charge
transfer ionization term can have an effect on the argon ion density
{#a~) in the Art/e- fhild model, and the three lonization terms
of copper influence the slow electron number density (n,.,) in the
Art /e fhiid model However, all of these effects are rather small,

These data are again introduced into the e-/Ar+/ A MC
madel and in the Ar*/e- fluid model, and the entire model is
solved until final convergence is reached. For the discharge
conditions we investigated, the results of the Ar*, model and of
the Cu model had almost no efiect on the e~ /Ar* / Ars mode] and
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Figure 2. Density profile of the argon metastable atoms at 75 Pa
and 1000 V.

the Ar'/e- fluid model, so that final convergence is actually
reached after just one iteration,

RESULTS AND DISCUSSION

Results will be presented for an argon discharge with a copper
cathode in the new VGB000 glow discharge cell to analyze fiat
samples” at discharge conditions of 1000 ¥ and 75 Fa. Fora gas
temperature of 360 K, the electrical current was then calculated
from the argon won and electron fuxes m ref 3 to be 3.4 mA. The
calculated current is hence in reasonable agreement with experi-
mental values, which demonstrates that the model of ref 3 vields
realistic results. Thesze voltage, pressure, and current values are
typical discharge conditions of the VG®KN glow discharge mass
spectrometer. Moreover, the influence of voltege and pressure
will be investigated in the voltage range between 600 and 1400 V
and in the pressure range of 50-100 Pa (corresponding to
calculated electrical currents between 0.4 and 11 mA).

A Results of the Argon Metastable Atoms. Figure 2 shows
the two-dimensional argon metastable atom number density profile
at 1000 ¥ and 75 Pa. A pronounced maximum of about 102 cm3
is reached close o the cathode. This is due to the high production
term af metastable atoms by angon on and atom impact exctabons
close to the cathode,® where the argon fons and atoms can reach
high energies? Farther away from the cathode, the argon
metastable stom density decreases graduslly. Indeed, the produc-
ton of argon metastable atoms, caused by electron impact
excitation in this region, is eficently compensated by loss
processes. (primarily electron quenching to the nearby energy
levels®). It reaches, however, a second, less pronounced masd-
mum at about 9 man from the cathode, since the loss processes
are not important enough anymore to compensate to the same
extent for the production of metastables. Away from the cell ads,
the argon metastable atom density spreads out by diffusion and

{21} Clark, ].; Greb, U; Ronan, G.; Wheeder, D. Lecture presented ot the Jnd
International Coaference on Plasma Source Mase Spectrometry, Drurbsm,
R, 1960

2880 Anafyfical Chemisiry, Vol 68, Mo, 15, August 1, 1996

SE+12-

4E+ 12+

" AE+12-

(max) (em™)

2E+12

3

g
1E+12

DE+0 e o
800 BOD | 1000 | 1200 1400
V (Volts)

Figurs 3. Maximum argon metasiable alom dengity as & function
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decreases gradually toward zero at the walls. The argon mets-
stable number density is of the same order of magnitude as the
argon ion number density? for our discharge conditions. This
calculated argon metastable atom density profile, characterized
by two peaks, is in reasonable qualitative agreement with the
expetimentally obtained profiles of refs 22 and 23, It is difficubt
to compare the absohite values with the results of ref 22, since
these measurements were performed in a Grimmetype glow
discharge, which operates at much higher pressures and currents.
However, the results of the present model, when applied to a six-
way cross plow discharpe, are in satisfactory quantitative agree-
ment with the experimental results obtained for the same
discharge cell® which is a validation of the pregent model

In Figure 3, the argon metastable atom oumber densities at
the maxima of their profiles are presented as a unchon of voltage
at three pressures, The argon metastable atom number density
clearly increases with voltage and pressure, as expected from the
literature, However, it is found in the literature that, at sufficiently
high-pressires, the argon metastable pumber density reaches a
maximum, whereafter it decreases again, since the loss processes
become more important than the prodoction processes -
According to our calculations, such a pressure has not yet been
reached. It was also not reached in the experiments of ref 23
(Le.. pressure range of 0.7=1.6 Torr).

The most important Ar*, production processes are fast argon
iom and atom impact excitations close to the cathode and electron
impact excitation at the beginning of the NG. Integrated over
the complete three-dimensional grometry, these three processes
account for about 17%, T0%, and 13%, respectively. The fact that
argon ion and especially the argon atom impact excitations are
so significant was not realized up to now. The cross sections of
these processes are nol &0 well described in the lteratire, The
values that we adopted for these processes have to be considered

{22} Ferrsira, N. F; Strauss, J. A Human, H. G. C. Specfrockim. Ackg Port B
1982, 37, Z73-279.

{23} Bogserts, A.; Guesard, R [ Smith, B, W, Winefordser, ], 1.; Harrison,
W. W Gijbels. B Specirochim. Acta Fard B submitted.

{24} Smith, &L L.; Serxner, I Hess. K R Anal Chem. 1880, £1, 11031108

(25) Browne, P, G Duan, M. H. . Pl B 1973, 6, 1103-1117,

(26) Hardy, K. A Sheldon, [. W. | Afpl Fips 18482, 53, 8532 -H536.



a8 an upper imit® When it is assumed that the mechanisms of
electron impact excitation to the metastable level and argon ion
and atom impact excitation to the metastable level are similar, it
would be expected that their cross sections would also be of equal
magnitude. Therefore, we have lowered the cross sections of
argon ion and atom impact excitations to the metastable level by
a factor of 2, so that the maxima are equal to the maximum in
the erass section of electron impact excitation to the metastahle
level. Although it may still be that their comtributions are
somewhat overestimated, it seems that argon ion and atom impact
excitations are quite important in determining the argon mets-
stable atom number density at the high discharge voltages under
congideration. The relative order of importance of these three
production processes is maintained at all discharge conditions
investigated; neverthelesz, the relative contribution of electron
impact excitation rises slightly with incressing pressure and
decreasing voltage, since the argon ions and atoms then cannot
reach such high energies and will cause reduced excitation.
Electron=ion recombination can be considered negligible as
production process of Ar*y, at all discharge conditions investigated
(Le always <0,02%),

Diffusion toward regions of lower density, together with
deexcitation at the walls, is mainly responsible for the loss of
metastable atoms (Le., about 82% over the total discharge volume).
Besides diffusion, electron quenching is also a significant loss
process, especially in the NG, where the slow electron number
density is high? integrated over the discharge reglon, electron
quenching contributes about 11%. Penning lonization and mets-
stable atorm—metastable atom collisions also account for a small
part of the total loss (about 3.7% and 3.0%, respectively) and are
most significant close to the cathode, where the sputtered copper
atom number density (see below) and the metastable atom
number density are at their maximum. The remaining processes
can be considered negligible for these discharge conditions (ie.,
electron impact excitation and ionization from the metastable
levels contribute to about 0.3% and 0.02%, respectively, and two-
body and three-body collisions with argon atoms amount to about
(L1% and (L01%, respectively). The relative role of the different
loss processes is not influenced much by the discharge conditions.
Diffission seems always to be the dominant loss mechanism, and
it becomes even more important at lower pressures and lower
voltages. Electron quenching becomes a Httle more significant
at lower voltages and higher pressures. The losses due to
Penning ionization and metastable atom—metastable atom colli-
sions increase slightly with pressure and voltage. The remaining
fiour processes remain of minor significance at all discharge
conditions investigated.

B. Resulis of the Sputtered Copper Atoms and Copper
Ioms. Figure 4 shows the thermalization profile of the sputtered
copper atoms, i.e., the number of atoms thermalized per cobic
centimeter at a given position (normalized to one sputtered atom).
It is seen that the majority of the sputtered atoms are being
thermalized very close to the cathode. Relatively few sputtered
atoms can reach the anode backplate before being thermalized.
This thermalization profile is used as a starting distribution to
calculate the diffusion of the atoms.

The number density profile of the thermalized copper atoms
at 75 Pa and 1000 V is presented in Figure 5. The copper atom
number density reaches a maximum of about 6.7 = 10'% in front

(27 Phelpe, A V. [ Pz Chem. Ref Data 1991, 20, 557573
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Figure 4. Tharmalization profile of the sputtered copper atoms at
75 Pa and 1000 V.
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Figure 5. Dansity profile of the thermalized copper atoma at 75 Pa
and 1000 V.

of the cathode and decreases gradually further in the discharge,
towards low valies at the cell walls, This is the result of the
imposed boundary condition (ie., 4, = 0.5). At the end of this
section, the effect of the sticking coefficient, 4y, will be briefly
discussed. Besides the thermalized copper atoms, the nonther-
mualized atoms also contribute to the overall copper atom number
density; their number density profile at 75 Pa and 1000 V is
illustrated in Figure 6. Since Figure 4 showed that the sputtered
atoms are already thermalized at a few millimeters from the
cathode, most of the nonthermalized atoms can be found near
the cathode. Therefore, the number density is at its madmum
close to the cathode. It is seen that the nonthermalized atom
density is negligible compared to the thermalized atom density,
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75 Pa and 1000 V,

50 that the thermalized copper atom number density and the
overall copper atom number density profiles practically coincide.

The calculated copper atom number density profile, with a
maximum at a few millimeters from the cathode, is in good
qualitative agreement with number density profiles obtained
experimentally by atomic absorption and fluorescence, 52-% The
“dip” in front of the cathode was explained in refs 26-30 by
assuming that not all the cathode material is sputtered as neutral
atoms, but that a certain amount is released as clusters or excited
state species, which are not detected by atomic absorption or
fueorescence. This explanation sounds quite reasonable, How-
ever, this profile alss results from the modeling calculations,
without the need to assume that the sputtered species occur in
the form of clusters. Indeed, it is known that the sputtered atoms
leave the cathode with energies of several electronvolts, and that
they lose these initial energies very rapidly by collisions with argon
gas atoms, until they are thermalized. This gives rise to the
thermalization profile of Figure 4, which shows 3 maximum at
about | mm from the cathode. This thermalization profle serves
as starting distribution for the diffusion away from and back to
the cathode. This explains why the sputtered atom population is
at maximum &t a few millimeters from the cathode. Indeed, a
model where such an initial thermalization step is not included
(e.g. ref 29) cannot predict the dip in front of the cathode. The
experimentally obtained absolute values of the sputtered atom
number densities are of the order of (1-5) = 10 cm for a
hollow cathode lamp"* and for a Grimm-type glow discharge =
Both types of discharges operate at much higher currents, so
higher sputtered atom number densities are, indeed, expected.
The modeling results are in excellent quantitative agreement with
experimentally obtained profiles when measured in the same cell

(26) Soirfing, A J.; Westwood, W. D J, Pl [ Appl Fay 1971, 4, 246252,
(29 Ferreira, N. P.; Human, H. G. C. Spectrochim. Acio Part B 168136, 215—

209,

(30) Hoppstock, K.; Harrison, W. W. Anal, Ches. 1995, 67 3167-3171,

(31) de Hoog, F. J.; McNeil, ] R Callins, . J; Persson, . B. | Apsl P
1977, 48, 3700-3704.
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geomelry as the ome for which the model is applied, as is
demonstrated m ref 19,

Figure 7 illustrates the influence of pressure and voltage on
the copper atom number density profile at its maximum. Higher
pressures and voltages yield higher fuxes of jons and atoms
bombarding the cathode; moreover, higher voltages result in
higher energles of the bombarding particles, which gives more
sputiering. Therefore, the sputtered copper atom number density
incresses with voltage and pressure.,

Figure 8 shows the number density profile of the copper ions
formed from the copper atoms, at 75 Pa and 1000 V., The number
density is nearly constant in the CDS (~10% cm? or slightly less),
increases rapidly in the NG, reaches a maximum of about 3.4 =
10¢ em~? at the center of the discharge, and decreases again o
low values at the cell walls. This number density profile is also
in reasonable agreement with the experimentally obtained number
density profile, presented in ref 19. In Figure 9, the influence of
voltage and pressure on the maximum value of the copper jon
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number density is ilustrated. The copper fon number density
increases both with voltage and with pressure. The influence is
clearly higher than that for the copper atoms. Indeed, the
formation of copper ions depends on the copper atom number
density and on the amount of fonization (e, by Penning
ionization, asymmetric charge transfer, and electron impact
ionization), and since both factors increase with pressure and
voltage, the copper ion number density will increase more rapidly,

Figure 10, parts a—c, presents the ionization rates of copper
atoms by Pennming ionizaton, asymmetric charge transfer, and
electron impact fonization, respectively. Penning ionization (Fig-
ure 10a) is most significant close to the cathode, where the argon
metastable atom density is at its maximum (see before). Asyme
metric charge transfer (Figure 10b) is especially important in the
center of the NG, where the argon ion density reaches its
maximum.? Electron impact ionization (Figure 10c) occurs mostly
in the beginning of the NG, in analogy to electron impact jonization
of argon atoms® By comparison of the numerical vahes of the
three ionization rates (i.e., Penning ionization shows a maximum
of about 1.6 x 10% em? 57Y; the maximum of asymmetric charge
transfer amounts to about 3.3 = 104 an~? 57, and electron impact
ionization reaches a maximum of about 6=7 » 100 em—2 71, it
can be concluded that Penning ionization is the deminant
ionization mechanism at these discharge conditions, Integrated
over the total three-dimensional geometry, the relative contribu-
tions of Penning ionization, asymmetdc charge transfer, and
electron impact jonization to lenization of copper atoms amount
to about 58%, 37%, and 4%, respectively. The relative contribution
of electron impact ionization is somewhat higher than that
calculated in the one-dimensional model® Indeed, in the three-
dimensional model, the number densities of the argon jons and
argon metastable atoms are lower than those in the one
dimensional case, due to the wall effects. Hence, ionization of
copper atoms by Penning ionization and asymmetric charge
transfer will ocour to a somewhat smaller degree, whereas electron
impact ionization does not suffer from this effect Therefore, the
latter mechanism for lonizing copper atoms becomes somewhat
less marginal in the three-dimensional model

The contribution of asymmetric charge transfer to the ioniza
tion of copper is calculated to be almost as high as the role of
Penning ionization at the present discharge conditions.  Although

in carfier reviews of GDMS, it has often been stated that Peaning
ionization is the dominant process and that asymmetric charge
transfer only plays a secondary role, some other papers demon-
strate that asymmetric charge transfer is very important in a glow
discharge for certzin ion—atom combinations, 1222 Mpregver,
we have recently developed a model in which it was demonstrated
that asymmetric charge transfer can explain the differences in
relative sensitivity factors among different elements in GDMS.®

The relative contributions of these three ionization processes
change slightly with pressure and voltage, Penning ionization
seems clearly more dominant at low pressures (ie., about 9% at
50 Pa, about 60% at 75 Pa, and about 35—40% at 100 Pa), whereas
the reverse was found for asymmetric charge transfer (Le., about
T=8% at 50 Pa, about 30—40% at 75 Pa, and about S0—60% at 100
increases slightly, and that of asymmetric charge transfer de-
creases slightly at lower voltages. Electron impact ionization was
always calculated to be of the order of 2—5%, slightly increasing
with pressure, but nearly independent of voltage, These voltage
and pressure effects are in qualitative agreement with experiment,
since it is stated that Penning ionization is dominant i low-
pressure, low-current discharges and that asymmetric charge
transfer becomes increasingly important in high-pressure, high-
current glow discharges.

Comparing Figures 5 and & or Figures 7 and 9, gives us
information about the ionization degree of copper. It is found that
this jonization degree is of the order of 0.01-0.4%, and increases
with voltage and pressure, These values are definitely lower than
the results that we obitained in the one-dimensional approximation
{i.e., about 1%%). Indeed, as mentioned above, Penning ionization
and asymmetric charge transfer become less significant in the
three-dimensional case, whereas electron impact jonization re-
mains the same, and this results in a lower ionization degree. In
the literature, “typical values" for the jonization degree of about
1% or less are usually mentioned,! which is higher than our present
resilts, [t is, however, not very clear where these values come
from and hence how reliable they are. The discrepancy can,
however, also indicate that our calculated resulis are not pet
completely correct, although reasonable agreement with experi-
ment has been recently found (see refs 19 and 23).

When we compare the calculated jonization degree of copper
with the one of argon which is only of the order of 10-%=10-%
(i.e., My and myr are of the order of 10"—10" and 10Y cm-?,
respectively”), we can conchude that copper is still much more
efficiently jonized than argon, due to Penning fonization and
asymmetric charge transfer.

The copper ion number density profile (Figure ) has the same
shape as the argon lon number density profile® but is about 2
orders of magnitude lower. The copper ion-to-argon jon density
ratio and the copper jon-to-argon ion fhux ratio are, indeed, found

(32) johansson, 5.; Liteen, U, [ Pos. B 1978, 17, LT03—L706

(33) Danzmane, K; Koch, M, /. Pea. B 1981, 14, 2080-2093.

(34) Farnsworth, P. B.; Walters, |. P. Specirockim. Acta Part B 1983, 37, 773~
TEE.

(35) Hudson, K. 5; Scumeda, L. L; Whaling, W. [ Qeont. Spectross Radiot
Trangier 1987, 35, 1-4.

(B6) Steers, E B. M; Leis, F. Spectrochim, Acta Port B 1091, 45, 527537,

(37} Soeers, E. B. M. Thome, A P [ Amai At Spectrom 1993, 8 309-315.

(38) Wagnisama, K.; Hirokawa, K. Spectrockim Aclo Part B 1096, 51, 149,

(30) Bogaeris, A; Gijbels, B J. Amal, At Spectrom, in press.

(40 Levy, M. K. Senmer, D Angstadt, A D Smith B L; Hess. £ R
Spectrochim. Acko, Part B 1991, 46, 253567,
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Figure 11. Copper lon-lo-argon ion density ratio as a function of
voltage at three pressures.

1o be of the order of 1% at these discharge conditions. This is in
reasonable agreement with experimental measurements of the
ratio of copper ion peak to argon ion peak in the VG000 mass
spectrometer.  Figure 11 shows that the calculated copper bon
number density-to-argon ion number density ratio is in the order
of 0.1~5%, and that it clearly increases with voltage and with
pressure, [t seems, therefore, advisable to work at high voltages
and pressures, since this will give a better analytical sensitivity,
However, in the VG000 spectrometer, the voltage should not
excesd L5 kY to avoid short-eiraiiting, and the pressure increase
is limited by the coupling with the low-pressure mass spectrom-
eter,

Just as in ref 6, we also calculated with the three-dimensional
model the relative contribution of selfsputtering. The results were
in complete agreement with those of the one-dimensional case.
Indeed, the sputtering is caused mainly by fast argon atoms (e,
about 60—70%), and the argon lons also have a large contribution

26884 Analybical Chemisiry, Vol, 88, No. 15, Augus! 1, 1908

{ie.. about 25-30%). However, the contribution of the copper
ions (Le, selfsputtering) is certainly not negligible, since these
ioms can reach the cathode with rather high energies® They
account for about 0.1-5%, and they become more significant at
higher voltages and pressures.

As glready mentioned, the sticking coefficient A; in the model
was taken to be 0.5, because it yields the best agreement with
experiment™ Since this value is actually unknown, we have
performed the calculations with different vahues of A, ranging
from 1 (100% sticking) to 0 (no sticking), to investigate its influence
on the results. 1t was found that changing A; from 1 to 0 had a
congiderable effect Indeed, the copper atom nomber density
increased by more than 2 orders of magmitude, becanse the “sink”
at the walls drops off gradually. Moreover, the pronounced
maximum in the number density profile at a few milimeters from
the cathode disappears. The effect of A, ts, however, not linear;
Le., changing 4; from 1 to 0.5 had a negligible infuence on the
shape and magnitude of the density profile, whereas the major
effect is found for A, values close to zero (when A; is lowered
from (001 to 0, an increase in density of almost a factor of 10
was found). Changing A, from 1 to 0 also yiekded an Increase in
the copper jon density of 2 orders of magnitude. Also, the ratio
of copper ionto-argon jon flux and number density, and the
contribution of copper lons to sputtering (selfsputtering) increased
significantly (Le., from about 1% at 4, = 1 to shout 50% at 4, =
0). The effect is, however, always most significant at A, vahues
close to zero and almost negligible at A, values ranging from 1 to
0.1, It is expected that the sticking coefficient is closer to 1 than
to 0 (Le, the majority of atoms will stick at the walls), and so
using the value of (L5 seems to be justified.

CONCLUSION

A twoedimensional model is developed to describe the behavior
of argon metastable atoms and of copper atoms and jons in a de
glow discharge in argon. Typical results include the mumber
densities of different species, the relative importance of different



production and loss processes of the argon metastable atoms, the
thermalization profile of the sputtered copper atoms, the relative
eontributions of ionization mechanisms for the copper atomes, the
ionization degree of copper, the copper ionto-argon ion density
rato, and the relative roles of argon ions and fast stoms and of
copper jons in the spottering procesa. The effect of voltage and
pressure on all these parameters is stdied. Moreover, the
influence of the aticking coefficient of copper atoms, which is not
welHnown in the lerature, is briefly discussed. The reasonable
agreement with experimental resulis™® tells us that the model
presents a realistic picture of the glow discharge and that it is
fuite pseful to arrive at @ better understanding of the glow
discharge processcs,
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