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lasma sources, such as induc
tively coupled plasmas (1CPs)
microwave-induced plasmas, and

glow discharges (GDs), are attracting in-
creasing interest as atomization, excitation
HONLEADGN SOUMTes N atomic specinomeiny
A clear understanding of the fundamental
processes taking place in the GD plasma is
thus desirable and can be obtained by
plasma diagnostic experiments (measuring
charactenstic plasma quantities) or by

mathematical modeling of the plasma (sim

e W What Can We

the GD extends only into a small region

and plasma diagnostic expenments oflen 'r_‘,_r r" from It’
disturb the real plasma. Therefore, mathe aF 'f [ |
matical modeling is sometimes useful for

obtaining information that is experimentally A !

hard to acquire. In this Report, we present
state-of-the-art modeling of analytical GDs
and show some typical examples of what

can be calculated with such maodels

A brief explanation

The basics of a GD and

its analytical appli
cations have been previously described in
Amaiytical Chemstry (1, 2; therefore, an
bbreviated explanation of the working
rinciples iz presented, A GD 15 a partially
mized gas, or plasma, consisting of
jual cancentrations of positive
ind negative charges, plus a large

rg

G b S Mathematical modeling of GDs is
useful for obtaining information

Annemie Bogaerts
Renaat Gijbels ; ‘ . 0 .
iniversity of Antwerp (Belgium that is experimentally hard to acquire.
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into a cell filled with gas at low pressure
(e, Arat —1 mbar). Between the two
electrodes, a voltage of —1 kV is applied.
The analytical GD can be sgatially divided
into three regions: the cathode dark space
(CI25) elose to the cathode, which is char-
acterized by a high electric field (the en-
tire potential applied between the two
electrodes drops off in this region); the
negative glow (NG), which is nearly field-

free and fills up most of the discharge re-
wion; and a small anode dark space (ADS)
adjacent to the anode.

The potential applied between the two
electrodes causes electrical breakdown of
the gas, that is, the formation of positive
1wons and electrons. The positive fons are
accelerated toward the cathode by the
electric field in front of it, in the CDS. lon
bombardment of the cathode causes the

rebease of secondary electrons, which are
accelerated away from the cathode. When
the electrons arrive in the G plasma,
collisions with the gas particles,

The excitation and subsequent radiative
decay processes, with the emission of light,
are responsible for the characteristic
“glow”. The ionization collisions give rise to
new electron—ion pairs; the ebsctrons can
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b accelerated again and produce addi-
tional wonizathon, whereas the wons are agan
accelerated toward the cathode, vielding
secondary electron emission. These pro-
cesses make the GD a selfsustaining
plasmz, Figure 1 is & schematic of the main
processes eocurming ina de GO using Ar.

The use of a GD as the analytical
source for M5 and opfical spectrometric
techniques is based on the phenomenon
of sputtering. The material to be analvzed
is used as the cathode of the GIY. The ions
from the plasma and fast atoms (e, at-
oms with energies =0.05 eV created by fon
collisions) release electrons when they
bombard the cathode and give rise to the
epection of atoms of the cathode material,
which is called sputtering. The sputtered
cathode atoms arrive in the plasma, where
hey can be ionized or excited. The jons
created in this way can be separated and
detected in the mass spectrometer. The
charactenstic photons, produced by the
excitation and radutive deexcitation pro-
cesses, can be used for GD-optical emis-
sion spectrometry. The sputtered atoms in
the plasmia can also be probed by an ex-
ternal light source, making GlD-atomic
absorption and Gl-atomic fluorescence
spectrometries possible. Moreaver, the
(11 can he used in hybrid anabytical con-
structions in combination with lasers,
praphite furnaces, secondary discharges,
or magnetic fields (1-3).

Ditferent modeling approaches
(1= are also extensvely used for deposit-
ing thin bvers, plasma etching, and modify-
ing surfaces, a5 well as plasma displays,
light sources, and metalvapor ion asers
). Modeling of these GDs, which operate
under slightly different conditions, has
been reported i the plasma physics blera-
fure churmge thee past few decades, The pro-
cesses occurming in analvtical and other
typees of (il 3= are quite similar, so that the
hasics of the models that we have devel:
oped for analyvtical GDs could be deduced
froam exesting models i (he plasma physics
literature. Howsever, these models had to be
mndified and extended to other plasma
speches, beconse analviical scientists are
interestied in the behavior of the sputtered
species, whereas plasma physicists focus
thedr attention on the electrical charactenis
tics of the GI), Moreover, because analyti-
cal Gls aperate under different dischange

Table 1. Collision processes in the plasma incorporated in the
models. [The most important processes are shown in Figure 1.)

{1} Elactrons: slastic collisions with Ar
alnms

{2) Elecirons: ionization of Ar
Found-slate atoms (of excied or
matastable atoms)

(3} Evecirons: excitation ol Ar
ground-state aloms (or ascsied or
malasiahle atoms)

(4} Elecirons: desxcilabon of excilad Ar
ievets [Including melastable leveis)

{5} Elactrons: conllomb scaltoning wih
athar alectrons

{6} Ar fons: elastic colisions with Ar aioms

{71 Ar ions: symmatric charpe- ransfer
colksions with Ar atomns

{R) Ar wons: jonization of Ar ground-state
Al (of exciled of melastable
[ ]

(8] Ar ions: exoitation of Ar ground -stake
aloms (of excibed of metastable
Bioms)

(18] Ar jons: desxcidation of exciled Ar
lovais (inchuding metastable evels)

{11) Fast Ar aloms! alastic collisions with
Ar aloms

{12} Fast Ar atoms: inization of Ar
ground- state alome (or exciled or
Falasinble Aloms)

(13) Fast Ar aloms: oxcitation of Ar
ground-siale atoms (of eaciled or
matasiable Moms)

(14} Fast Ar aloms: deexcitabion ol
oncited Ar levels (inchading
rmntaslable kvels)
Electron—Ar won radiative
meombination
Elactnon - Ar sn thres - Doy
mecomination in which tha third body
& an alectnon
[Elactron - Ar wgn thres - hody
mCombnabon o which the ik body
ts an Ar ion
Elactron— Ar ion thres- body
recombinabion in which the third body
ts an Ar alom

(15) Fmdkative decay of exciled Ar levess

{ 18] Ar matasiable ainm - matasiable
alom collisions

(17) Two-body collisions of Ar matasiable
aloms with Ar aloms

(18] Three-body colisions of Ar
matasiabis aloms with As aloms

(18} M {spuitensd) aloms. alasic
colsiona with Ar atoms —» unbl
hermmalized

(20) M aloms: eleciron sxcitation lolowed
by radative decay

F21) M Ehorms: ahactron- impac) ianzation

(22) M atorna: Penning lonzation by Ar
mila - Siatde AlmE

[23) M akoms: asyrmemelic chivngs iranaler
with Ar jomg

(24) M wons: elastc collimions wilh Ar
aloms
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The symbols 8, Ar®, Ar°, Ar', and Ar;, cenote slectrons, Ar ions, Ar ground - state
melastabie aloms

aloms, excibed Ar atoms, and Ar

E means Ar aloms in anaother

-ﬂnﬂhﬂ.lfﬂu‘mmmnﬁuﬂﬂmmwhm-
sonipis | and 5 indicato st and show atorms or lons, mipactivaly, Thi cross Seclnns loe all these

processas, 85 a function of the colliding

jparficles’ are adopied from the Ferafure, The
plasma

processes in pamenihesas are of Bsser importanca in
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Table 2. Models used to describe various plasma species.

Fast elactrons MG (entire discharge) 12,13,18
Thermalized electrons Fluid (entire discharge) 13,18
e . a8

g P e dscharge) 8
Fast Ar atoms MC (CDS) 12,14
Ar metastable atoms Fluid (entire discharge) 15,19
Various excited Ar lavals Fluid radiative 21

; antire discharge)

Cathode atoms: tharmalization process  MC (antire discharge) 16
Gm“-;_lhm-im:imr Fluid (entire discharge) 17, 18
Cathode ions MG (CDS) 17,18

conditions, it can be expected that other
plasma processes come into play.

There are three basic groups of mod-
els to describe GDS reported in the
plasma phiysics literature. In a fuid model
15=7), the plasma species (electrons, at-
mms, and ions) are considened 1o be a con-
tinuum i equilibrium with the electric
fielhd and are described by continuity equa-
tinns (hased on conservation laws) and
fhux equations of diffusion and migration
in the electric field (the latter only for
charged particles). This kind of modeling
is, In principhe, quite simple (although i
can bee tricky to solve a set of strongly cou-
pled nonlinear differential equations), but
it is only an approximation—especially for
the electrons, which are definitely not in
equilibrium with the electric field (they
grain more energy from the electric feld
than they lose by collisions).

The second approach is a Bolzmann
minede] (8, 9 that copes with nonequilib-
riumn of the various plasma species by de
seribing them with Bolizmann transport
equations. This method is accurate but can
bead 10 very complex mathematical equa
tions. The third model is Monte Carlo
(MC) simulation (10, 11). The behavior of
the species is simulated explicitly; they are
descrihed as separate particles, one after
the sther. Their trajectorses throughaut the
discharge is dewribed by Newton's laws,
and collisions are treated with random
numbers. (The probability of a certain colli-
sion process and the new energy and direc
fion after a eollision are defined based on
cross sections and scatiering theories using
randomly created numbers) By following a
large number of particles, the GID can be
simulated. This model is the most accurate

o, because it deals with the particles on
the lowest microscopical level. Moreover, il
i based on rather simple equations, mak-
ing it iransparent and easy to understand.
However, because a large number of parti-
cles are followed for simulation (which ak
lovws saisfactory statistics io be obtained),
calculation times are lang for sbos-moving
particles,

A combination
of models can
be used to
describe the
various species
in the GD.,

Hence, each model has s advantages
and disadvantages, and it = therefore desir-
able to use a combination of these models
0 describe the various species i the G0
Species that are not in equilibrium with the
electric field, such as fast electrons (elec
frons with a high enough energy 1o pro-
dlivce sontzation or excitation), must be
treated with an MO moded, whereas species
that are more or less in equilibrium with
the ebectric ekl can be deseribed suffi
ciently accurately with a fuid model

Modeling an analytical GD
In the past few years, we have developed a
comprehensive modeling network for an

analytical de GID using Ar (12=-21). The
different species assumed fo be present in
the plasma and described in the models
are Ar gas atoms at rest, uniformly distrib-
uted throughout the discharge; electrons,
subdivided into a fast and a thermalized
group; singly charged Ar ions; fast Ar at-
ams created from Ar jons by symmetric
charge transfer and elastic collisions (T
ble 13; Ar atoms in various excited levels
with special emphasis on the metastable
levels (levels that eannot decay radiatively
1o bower bevels and have a longer lifetime;
these socalled “metastable atoms™ play an
important robe in the G by Penning jon-
ization of the sputtered atoms) (Table 1)
and atoms and ions of the cathode mate-
rial to be analyzed. Molecular species,
such as argides. are not considered,

The species are described with a combi-
nation of fluid approaches and MC simuls
tioms (Table 2). The MC models are devel
aped completely in three dimensions. Be-
cause of the nearly cylindrical symmetry of
the discharge cells 1o which the models are
applied, the 310 fluid models could be e
dhuced to 21 caleulations using asxial and
radial directions (12-21). The various colli-
s10m processes aking place in the plasma
andd mcorporated into the models are schie-
matically indicated in Figure 1. The num-
hers after each process eorrespond to those
in Table 1. Maost processes ocour through-
oul the entire G plasma, but the collisions
of Ar 1ons and fast Ar atoms take place only
in the CINS: Only the main processes are
indicated in Figure 1; the reality is probably
much more complicated, For example, ion-
electron recombination i< nod included in
thee figure hecause it is of minor importance
in the G plasma; it takes place mainly al
the cell walls,

To describe all these processes, an
accurate sel of cross sections, as a func-
tion of the colliding particles’ energies, i
reguired. Other inpul data needed are
diffusion and mobility coeificients, as well
as data related 1o the processes ocourring
al the cell walls (e, a secondary electron
emission coefficient and sticking coeffi-
cients of the plasma species) and data nec-
essary to calculate the cathode sputtering.

The different models are all coupled to
each other because of the interaction pro-
cesses between the plasma species, and
they are solved iteratively until final con-
vergence s reached, to obtain an overall



mcture of the GD {18-20), Figtre 2is a
flowchart that illustrates the various links
between the models. & complete “run™ of
the modeling network takes about a week
on & workstation with 128-MB memory
and four coprocessors, each with 50MHz
ok speed

Typical results

Table 3 (12-33) presents an overview of
typical results obtained with the models
All these plasma quantities can be calou-
lated for different discharge conditions
and cell geometries. The effects of dis-
charge conditions (voltage, current, pres-
sure}, cell dimensions, and cell geometry

(.., celle with pin and flat cathodes)
have been investigated (20, 25, 26). To
test the validity of the models, the calen-
lited quantities must be compared with
experimental data. Such a comparison has
already been carried oul for some quanti-
ties (indicated in Table 3); in general, rea-
sonable agreement between experimental
and modeling results was sblained,

Some of the ather caleulated quantities
presented in Table 3 can, in principle, also
be measured (., Sark measurements for
obtaining the electric Gekd distribution).
However, we are nol aware of such experi-
ments performed in simikir cells and under
similar discharge conditions to assume in
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Eleciric field distribution
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Creaton of Ar*

reation of alectrons
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N0 Convergence?
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Mew creation rales of skow
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4
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Creation of Cu ions
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¥

Convergence?
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Dutput of B is used as imput for A
(e.g., densifies of Arf, Cu atoms + lons)

Figure 2. Flowchart of the combination of the various models.

our models, so direct comparison with our
calculated results is nol vet possible,

Some of the characteristic caleulbited
plasma quantities are Thstrated in Figure 3
and are typical for an — l<m analytical GID
cell consisting of CI¥S, NG, and ADS re
gions. They were caleubited at typical dis-
charge conditions used in GDMS. The po-
tential and electric feld distibutions are
shiown in Figure 3a. The polential (heft axis)
i5=1000 V at the cathode and increases o
zero al —0.23 cm from the cathode. The
position where the potential crosses the
zero line is defined as the interface between
the CI¥S and NG, The polential is shightly
positive in thee NG (e, by a lew volls, known
% the plasma potential) and decreases o
aero af the anode. Hence, the NG plasma is
the: mwst positive part of the discharge. The
electric fiedd (right axis) is extremely negs
tive at the cathode (<8 kV/cm) and increases
alrmest lmearty m the COS. It does nod cross
the zerp-line at the CDS-NG interface but
hends off to a small negative value in the NG,
It goes through zero at about (007 cm and
then takes on small positive values. Close to
the anode, in the ADS, it rises to about
200 V/em.

Figures 3b and 3¢ present the density
profiles of the various plasma species. In
Figure 3b, the Ar metastable atom density
(leeft acis) reaches a maximum of about
10" e rather close to the cathode and
decreases to small values in the rest of the
discharge. The Ar jon density (left axis) is
small and more or less constant in the
CD% and reaches a broad maximum of
5= 10" em ™, after which il decreases o a
low value at the anode. The slow electron
number density (left axis) is zero in the
CDS and ADS, and it is almost equal to
the Ar ion density in the NG. This gives
rise (o A net positive space charge in the
CIdS and ADS, and to an almost neutral
charge in the NG, The latter defines the
characteristic potential and electric field
distributions presented in Figure 3a, The
fast electron number density in Figure 3b
{right axis) reaches a maximum in the
beginning of the NG it is, however, 4 or-
ders of magnitede lower than the Ar ion
and slow electron densities and does not
contribute to the space charge.

The sputtered Cu atom density in
Figure 3¢ (left axis) is al its maximum
(=6 x 10" em™) close to the cathode
and decreases almost linearly toward the
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Table 3. Quantities that have been calculated with the models compared with experimental data.

Calculated quantities RAeferences Experimental data Relerences
Electrical currant (function of voltage and pressure) 14, 20 Measurad with GDMS 14, 20
3-D Potential distributions 13, 18, 20 MA
3-D Axial and radial electric field distributions 13, 18, 20 MA
Plasma potential 13, 18, 20 M
Langth of CDS, NG, ADS 13, 18, 20 Langth of CDS as 22
function of pressure
and current
3-D Density profiles of
Ar hons 13,18, 20 MA
fast Ar aloms 12. 20 MA
Ar melastable atoma 15, 18-21 Measured by LIF 23
other excited Ar levels A MA
fast alectrons 12. 13, 18, 20 M
thermalized alecirons 13, 18, 20 MA
atoms of the cathode material 17,18, 20 Measured by LIF 24
ians of the cathode matarial 17.19. 20 Maasurad by LIF 24
lon fluxes of Ar and cathode ions at the exit sit of the cell 1o the 25. 26 Ratio Is in gualitative 25
mass specirometar agreamant with
ratios in the mass
spectra of GDMS
lonization degress of Ar and cathode atoms 17,19, 20 Based on LIF results 24
from above
3-D Energy distributions and maan energies of
elactrons 12,13, 20 MA
Ar lons 12, 20 Meaasured at the 27
cathode with GDMS
fast Ar atoms 12, 20 A
cathoda lons 17,20 Measured at the 27
cathode with GDMS
3-D Collision rates of elactrons, Ar ions, fast Ar atoms, and 12-14, 18, 20 M
importance of these processes
3-D Rates of Penning ionization, ric charge transfer and 17,19, 20 NA
electron impact | tion, and relative contributions o the lotal
ionization of spulierad atoms.
3-D Rates and contributions of populating and 15, 19-21 WA
processes of metastable and other ﬁaﬂ Mdm.limg
Sputtering rates at the cathode 17,19, 20, 28 Unéuna:‘gummd for 28
Thermalization profiles of sputtered atoms 18, 20 MA
Amount of redeposition on the cathode by backscattering or 16, 20, 28 IeLY
backdiffusion
Contributions of Ar ons, fast Ar aloms, and cathode kons to the 12,17, 18, 20 MHA
spuftaring process
2-D Crater profiles caused by sputtering at the cathode 28 Prnﬁﬁmghlmmdw 29
Emission and caused by radiative trom 21 Data from L 31
4 w profiles by decay literature 30,3
Pradiction of variations in RSFs for GDMS a2 Data from llaratine 33

NA = Mot avallable
LIF = Lases-induced fucrescance
RSF = Aelative senaitvity lacior

anode. The Cu ion density (right axis)
ahows the same profile shape as the Ar
ion density but is about 2 orders of mag-
nitude lower. [t can also be deduced that
the ionization degree of sputtered Cu
atoms (i.e., the ratio of Cu jon 1o Cu
atom density) is ~0.1%. This calculated
vilue should not be considered too
strictly because it depends strongly on
the discharge conditions, cell geometry,
and type of cathode material; for other

conditions, values on the order of a few
percent were calculated,

The fluxes of the dominant current
carmiers are indicated in Figure 3d. In the
CIS, most current is carmied by the Ar
ions, which are directed toward the cath-
ode by the strong electric field in front of
it The fast electron Mux at the cathode is
about an order of magnitude lower than
the Ar ion flux (determined by the jon-
induced secondary electron emission co-

efficient, which iz —0.1), and it is in the
opposite direction (i.e., away from the
cathode). It increases in the CDS and re
mains nearly constant in the NG. The
slow electron flux, however, is zero in the
CDS. Indeed, it 1s assumed that slow elec-
trons are not present in this region be-
cause they would immediately be acceler-
ated by the electnic field and would not
remain slow, However, their flux in-
creases constderably in the NG, as more



and more fast electrons are slowed down
by collisions and are transferred to the
slow electron group. In the NG, most cur.
rint is carried by the electrons, especially
the slow ones. The Ar jon Tux changes
sigm in this region; hence Ar ions will
bombard the anode as well,

Figure 3¢ shows the mean energies of
electrons, Cu ions, 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 gain
energy in the CDS because of the electric
field. However, they also lose energy by
collisions, so their mean energy al the
CDS=NG interface is not equal to the dis-
charge voltage but is about half of this
value, The electron energy decreases in
the NG because electrons do not gain en-
ergy from the electric field (which is very
small) anymore, but they lose their en-
ergy more efficiently because of colli-
sinns. Farther in the NG, the electron en-
ey remains more or less constant he-
cause the electrons travel back and forth
in this region.

The Cu ions, Ar ions, and fast Ar atoms
are thermalized in the NG, and their en-
ergy increases as they move toward the
cathode. The mean Cu ion energy (no. 2)
il the cathode is 700 &V {about 70% of
the discharge voltage), because the Ca
ions do not lose their energy efficiently by
collisions, [ndeed, as was indicated in Fig-
ure 1. they are only subject to elastic colli-
sions with Ar atoms; asymmetric change
transfer collisions with Ar atoms have a
lower cross section, and symmetric
charge transfer with Cu atoms is of low
prohability due to the much lower Cu
atom density as compared with the Ar
atom density (the latter is < 10" cm™),

The Arions (no. 3), however, reach a
maximum mean energy of only — 150 ¢V
(15% of the discharge voltage) at the cath-
ode because these species lose the energy
they gained from the electric field more
efficiently 4s a result of symmetric charge
transfer collisions with Ar atoms. The
mean enengy of the fast Ar atoms (no. 4)
at the cathode is onby <30 eV (~3% of the
discharge voltage). Indeed, these species
are created from the Ar ions with energies
corresponding to the Ar bon energies, but
they cannol gain more energy from the
electric field. It should be mentioned that
the term “fast™ Ar atoms is used for those

atoms that are not thermalized and that
have energies =005 eV

From the enengies and the fluxes of the
species bombarding the cathode (e, Ar
ions, fast Ar atoms, and Cu jons), the
amount of sputtering can be calculated. 1t s
generally found that the M of fst Ar at-
omes bombarding the cathode is higher
than the Duxes of Ar jons and Cu cathode
ions, Therefore, the fast Ar aloms play a
dominant mle in sputtering. However, the
efficiency of sputtering increases with the
energy of the bombarding particles and
with thetr mass (34); therefore, il is ex-
pected that the contrbution of Cu cathode
i to sputtening (socalled self-sputterng)
i nonnegligible, in spite of their lower
total flux. It was calculated that the fast Ar
atoms, Ar ions, and Cu cathode jons con-

When applied to
different cell
geometries,

models can predict
plasma behavior
and performance
in analytical
applications.

tribute — 700, 25-30%, and (1.1-5% (o the
sputtering, respectively, at the typical dis-
charge conditions used in GIDMS.

Finally, Figures 3 and 3g show the
ionization rates of Ar atoms and Cu atoms.
The Ar atoms are fomized mainly by elec
tron impact ienization, bt fast Ar jon and
atom impact ionization also play a role in
the CDS, especially close 1o the cathode
where the Ar ions and atoms reach their
maximum energy (Figure Le). Integrated
ower the entire discharge remon, electron
and fast Ar won and atom impact ionization
contribute - SNF, 28 and BY, respectively,
fin the inmization of Ar. A similar fpure
(ot shown) would illustrate the excitation
rate of Ar aloms, with a maximum adja-
cent 1o the cathode caused by fast Ar jon
and atom impact excitation and a second
peak in the beginning of the NG caused

by electron impact excitation. This corre
sponds well 1o the lominous intensity
throughout the G, The NG is the most
luminous part of the discharge, bul close
to the cathode, a bright laver, called the
cathode glow, s often observed,

For the ionization of sputiered Co at-
oms, Ar bon and atom impact ionization
are not inchuded in the model, basically
because no cross sections are available in
the literature, However, besides eleciron
impact ioniztion, two other processes
come info play for the sputtered atoms
(i, Penning ionization by Ar metastable
atoms and asymmetric charge transter
with Ar ionsh. Bath of these processes
sevemn 1o be more important than electron
impact ionization, The relative contribii-
tions of Penning ionization, asymmetric
charge transfer, and electron impact bon-
ization, integrated over the entire dis-
charge region, were calculated to be GO,
3%, and 4%, respectively, al the discharge
conditions of 1000V and 3 mA. These val-
wes are only approximate because the rate
coefficients of Penning ionization, and
especially of asymmetric charge transfer,
are subject o uncertainties. Moreover,
these caleulated contributions depend
stromgly on the discharge conditions, cell
dimensions, and especially the type of
sputtered materal,

Although these results are interesting
and allow us o obtain a better insight into
G, they are not of direct analvtical im-
poriance. Nevertheless, the models we
have developed can also be useful for bet-
ter analytical practice. From the fux of
sputtered cathode atoms and the flux of
redeposition of these atoms back to the
cathode (hath as a function of radial dis-
tance], the crater profiles caused by sput-
tering at the cathode can be caleulated,
and they reflect the experimental crater
profiles reasonably well (28), Therefore,
the models can be used to predict the opti-
mal discharge conditions and cell geome
try 1o obtain flat crater bottoms, which are
necessary for good depth resalution in
depth-profiling analysis.

Furthermaore, when the models are
applies] 1o different cell geometries, they
can be wsed to predict trends in plasma
behavior and performance in anabytical
applications, such as aptimizing ion cur-
rentx al the exit slit o the mass spectrom-
eter. They can therefore be useful in new



l:tlrf,

cell design, for example, in investigating
the influence of cell dimensions (25 and
when comparing two cells with pin and
flat cathodes (26)

Finallv, becanse of the insight we ae
uired with our modeling work, we can
explain differences in relative sensitivity
lactors (KESF=) in GDMS for a range of
elements by an explicil treatment of the
physical processes GCCUITing in a Gl)
From a systematic study of 42 elements,
wi concluded thal asymmetric charge
transfer i responsible for the variations in
RSFs, which could not be explained by
transport phenomena and Penning ioniza:
tion onlky (32), The limitation of this RSF
micsclee] is that exact vilues for the mte co-
efficients of asymmetric charge transfer
for varions elements are ol yet available
in the literature, Il these values could be
measured with pood accuracy, exact val
nes of BSFs could be caleulated and used
for practical GDMS analvsis

Summary

Our work in modeling an analytical de GD
in Ar has vielded satisfactory agreement
between caleulations and experimental

oheervations, demonstrating that the mod-

els present a nearly realistic picture of the
(), Fundamental plasma quantities can
bt ealiulated for typical GDMS condi.
tions, The models can abso be used 1o poe
dict erater profiles and sputiering rates a0
th cathode, optical emission spectra, on
Muxes entering the mass spectromeler
and variations in RSFs for GIMS. There
fores, they can be of direct analyvtical inter
esl, Moreover, the modeling network can
be applied to specific cell grometries, and
il can provide information on trends in
plasma conditions and application resulis
his ean be useful in cell design

In future work, we would Fike 1o ex
tened the present models o other types of
Cilks, which are bemg tssd more and
fivofe for analvtical applications such as
ri-pavwereed andd pulsed GIs. magnetron-
assasted] discharges, and hyphenmed
typues of discharpes

Mathematical modeling is a useful (ool
for ohtaining better insight into the com-
plexity of the GD. Experimental validation
will alwavs be necessary, bt modeling
cin be complementary becaise it often
prowidhes iiformation thal is experimen
fally difficult 1o scguire
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Figure 3. Calculated characteristic plasma quantities in one dimension, as

GDMS at 1000 V, 3 mA, and 75 Pa.

(@) Potential and alectne field distributons (b} Numbar ey profiles of Ar matastable Aloms
wons. (d) Fluxes of Ar ions. fast and slow electrons, and 1otal tlux flowng through the discharge
discharge (1) lonaration rates of A atoms (1, folal, 2. by electrons: 3 by Ar ions; 4, by Ar aloms)

4, pleciran impact ionization)
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