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Abstract

A collisional-radiative model is developed for various levels of the sputtered copper (Cu) atoms and their ions in an argon
(Ar) direct current glow discharge, used as an analytical source for optical emission spectrometry. In this application, attention
is paid to the photons emitted by sputtered atoms and ions, and hence to the behavior of excited levels of these species. 8 Cu
atomic and 7 Cti ionic levels are considered in the model, as well as th& @ns. Typical results of the model are the level
populations (in two dimensions) of the various levels, and the relative contributions of the different populating and depopulating
processes. This model is not only of interest for analytical glow discharge optical emission spectrometry, but also for plasma
diagnostic tools and for copper—vapor las@sl998 Elsevier Science Ltd. All rights reserved.

1. Introduction cence spectroscopy (GD-AAS and GD-AFS) can be
applied to measure the atomic concentration in the
In the last decades, glow discharges are finding plasma and hence in the material. On the other
increasing application in a number of fields, e.g., in hand, the sputtered atoms are also subject to collisions
the microelectronics industry (for etching of surfaces in the plasma. They can be ionized, and the resulting
and for deposition of thin films), and as lasers, light ions can be detected in a mass spectrometer, which is
sources and plasma display panels. Moreover, they areexploited in glow discharge mass spectrometry
also being used as spectroscopic sources for elementa(GDMS). Moreover, they can also be excited, and
analytical chemistry [1, 2]. In the latter application, the characteristic photons emitted in the subsequent
the cathode of the glow discharge is constructed from de-excitation can be probed by optical emission spec-
the material to be analyzed. Since the cathode is beingtrometry (GD-OES).
sputtered by the plasma species (gas ions and fast Bogaerts et al. have developed a comprehensive set
atoms), the atoms of the cathode material (i.e., mate- of models for an argon (Ar) glow discharge with
rial to be analyzed) arrive in the plasma. Hence, the copper (Cu) cathode, used in analytical chemistry
glow discharge plasma can be seen as an atom reser{e.g., Refs. [3—-10]). Special attention was being
voir with a composition characteristic for the material paid to the use of glow discharges for GDMS and
to be analyzed. Atomic absorption or atomic fluores- hence to the ionization processes of the sputtered
atoms and the behavior of the corresponding ions [8,
* Corresponding author. Tel.:+ 32-3820-2364; Fax: + 32- 10]. In the present paper, however, we focus on the
3820-2376; e-mail: bogaerts@uia.ua.ac.be. excitation of the sputtered atoms and their ions, and
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the population distributions over the various excited two-electron group model (i.e., bulk and tail elec-
levels. This will make it possible later on to calculate trons), which incorporates a bi-Maxwellian electron
the intensities of various spectral lines of the sputtered energy distribution function, has been used to charac-
atoms and ions, which is of direct interest for GD- terize the electron energies. This approximation is
OES. Moreover, the present model can also be of justified for the positive column of the copper vapor
interest for plasma diagnostic tools (intensities of laser. However, the glow discharge under study here
spectral lines, e.g. for the determination of various consists only of a cathode dark space and a negative
kinds of temperatures in the plasma) and for copper glow, and it operates at high voltages (typically 1 kV).
vapor lasers. Hence, a strong electric field is present in the cathode
The behavior of various excited levels is generally dark space, and the electrons are not characterized by
described in so-called collisional-radiative models a Maxwellian distribution. Therefore, the electron
(e.g., Refs. [11-14]), i.e., the population of the levels behavior is simulated explicitly with a Monte Carlo
is determined by a number of collisional and radiative method [3, 5, 9]. This method treats the electrons on
populating and depopulating processes. In a previousthe lowest microscopic scale. A large number of elec-
work, a collisional-radiative model has been devel- trons are followed separately, one after the other,
oped for the Ar atoms in an Ar glow discharge, during successive time-steps. Their trajectory in the
consisting of 65 effective levels (i.e., various levels electric field is calculated by Newton’s laws, and their
were sometimes grouped together into one effective collisions (the occurrence of a collision, and the new
level) [14]. Excitation, de-excitation, ionization and energy and direction after collision) are determined by
recombination for all the levels, due to collisions with random numbers, based on energy and angular differ-
electrons, argon ions and atoms, were taken into ential cross sections. By following in this statistical
account, as well as radiative decay between the levels,way a large number of electrons, their behavior can be
and some other collision processes for the Ar meta- simulated explicitly, i.e., the exact energy gain from
stable levels (i.e., Penning ionization by sputtered the electric field and energy loss due to collisions are
atoms, metastable atom—metastable atom collisions,calculated exactly instead of assuming a Maxwellian
two-body and three-body collisions with argon distribution.
ground state atoms, and diffusion and subsequent Moreover, some other collisional processes, which
de-excitation at the walls) [14]. Cross sections and were not incorporated in Refs. [16, 17] are now
transition probabilities for all these processes are included in the model, like asymmetric charge transfer
used as inputs in the model. Such data are, in general,between argon ions and copper atoms. It was indeed
much easier to find in the literature for Ar (and other demonstrated that this process is important at typical
gas) atoms than, for example, for Cu atoms. There- GD-OES discharge conditions [19]. Finally, the present
fore, most collisional-radiative models for glow modelis developed intwo dimensions and is applied to
discharges in the literature deal with gas atoms only a cylindrically symmetrical discharge cell.
(argon, helium, neon, ...). However, some models In Section 2, the model will be described in detalil,
have been developed for Cu as well, being applied and the input data (cross sections, transition probabil-
to copper vapor lasers (e.g., Refs. [15—-18]). ities, etc.) will be discussed. Section 3 will present
In this paper, a collisional-radiative model for typical calculation results, such as the level popula-
copper atoms and ions will be presented. The levels tions and the role of various populating and depopu-
taken into account are the same as in the modelslating processes. Finally, the conclusion will be given
described in Refs. [16, 17]. However, the present in Section 4.
model is applied to completely different conditions:
i.e., a glow discharge used for GD-OES instead of a
copper vapor laser, with argon as the discharge gas2. Description of the model
instead of neon, description of the cathode dark space
and negative glow regions instead of the positive 2.1. Model set-up
column. Moreover, some other modifications were
carried out. Indeed, in the models of Refs. [16, 17] a  As mentioned above, our model deals with a glow
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Fig. 1. Energy level scheme of the Cu atoms and ions, with the effective level number (left) and the designation according to Moore (right of the
levels). The levels considered in the model are presented in black.

discharge consisting of a small cathode dark space Argon is assumed as the discharge gas, and the cath-
adjacent to the cathode (characterized by a strongode material is made of pure copper. The species
electric field), a negative glow region, which is nearly assumed to be present in the plasma, are argon gas
field-free and fills up the larger part of the discharge, atoms in thermal equilibrium (a gas temperature of
and a small anode zone adjacent to the anode walls.800 K is assumed at the discharge conditions under
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Table 1
Effective level numbersn) of the various levels incorporated in the model, together with their designation (according to Moore [22]), their
energy (with respect to the Cu atom ground state) and their total statistical weight

Effective level Designation Energy (eV) Statistical weight
1 CcW 3d% 4s £s,),) 0.0 2
2 C 3d° 48 (?Dgp,) 1.39 6
P 3 45 (2
3 Cu 3d° 48 (°Dap) 1.64 4
4 CW 3d™ 4p @Pyy) 3.79 2
5 CW 3d% 4p @Py,) 3.82 4
6 CW 3% 4s 4p P, ‘D, *F) 5.20 60
7 CW 3d'°5s €Sy),) 5.35 2
Cuw’ 3d'°5p CPyp, Pyp),
8 30 4d (D, “Dsy) 617 16
9 Cu" 3d* (*sy) 7.72 1
10 Cu' 3d° 4s €Ds, °D,, °Dy) 10.53 15
11 Cu' 3d° 4s ¢D,) 10.98 5
12 cu' 3d° 4p CPy) 15.96 5
cu* 3d” 4p
13 fF’l, ;Po, 2F4, 31F3, 31F2, 16.46 52
D3, "Dy, “D1, “F3, "Dy)

14 Cu' 3d® 4p (P 16.85 3
15 Cu* 3d° 5s €Ds, °D,, %Dy, D) 21.24 20
16 cv* 28.01

consideration: 500 Pa, 800V, 28 mA, based on potential and electric field distribution, information
experimental observations of Ferreira et al. [20]), about collision processes in the plasma and sputtering
singly charged positive argon ions, fast argon atoms at the cathode. At the typical discharge conditions
created in collisions with fast argon ions, argon atoms encountered in Grimm-type discharges (which are
in various excited levels, sputtered cathode copper under consideration here), the electron density is in
atoms and copper ions, in various excited levels, the order of 16 cm™2 [21], whereas the mean elec-
and electrons. tron energy is in the order of 0.5 eV. Nevertheless,
These species are described by a set of Monte Carloelectrons with all kinds of energies, up to the maxi-
models (for the species which are not in equilibrium mum possible value (i.e., the discharge voltage, in the
with the electric field, i.e., fast electrons throughout order of 1 kV) are also present.
the whole discharge, the thermalization of sputtered It should be mentioned that the general electrical
atoms after they leave the cathode, and argon ions,characteristics of the discharge (i.e., electron energy
fast argon atoms and copper ions in the cathode distribution, current—voltage—pressure relations, elec-
dark space where a strong electric field is present) tron density, etc.) are calculated to be the same for
and fluid models for the other species (slow electrons, both the pure argon discharge (i.e., when no model for
argon ions and copper ions in the negative glow, and the sputtered atoms and ions is considered) and for the
the argon and copper atoms in various excited levels). argon discharge with copper cathode. Indeed, the
All the models are coupled to each other due to the copper atoms and ions play only a minor role. As
interaction processes between the species. Moreoverwill be shown later (see Figs. 6 and 7 below), the
Poisson’s equation is solved, to calculate the electric copper atom and ion densities are in the order of
field distribution from the computed charged species 10*and 16° cm™3 at maximum, which is still clearly
densities. Hence, the model is self-consistent. All the lower than the argon atom and ion densities (ca®10
sub-models for the different species are explained in 10'” and 163* cm™3, respectively [21]).
detail in Refs. [3-10, 14]. In the present paper, the sub-model for the sput-
Typical results of the models are densities, fluxes tered copper atoms and ions in the various excited
and energy distributions of the various species, the levels is described. Fig. 1 shows the energy level
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Fig. 2. Cross sections of electron impact excitation for the Cu atom levels, as a function of the electron energy. The cross sections for transitions
from the ground state are indicated with solid lines, while the transitions between excited levels are presented with dashed lines.

scheme of the copper atoms and ions. Some of theline intensities of copper atoms and ions, and those
levels, with energies lying close to each other, are levels giving rise to the most intense spectral lines, are
grouped into an effective level. The levels taken into all included. The designation of the (effective) levels
account in the model are presented with black lines. included in the model (according to Moore [22]), their
The other levels, which are shown in gray, were not energy (with respect to the Cu atom ground state) and
incorporated, because cross sections for transitionsstatistical weight, are listed in Table 1. As can be seen,
from and to these levels are not known. However, the 3d 4p Cu’ ion levels are not all lumped together
the final goal of our work is to calculate spectral into one effective level. Indeed, the 34p>P, level is
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Fig. 3. Cross sections of electron impact excitation for thé ©u levels, as a function of the electron energy. The cross sections for transitions
from the ground state are indicated with solid lines, while the transitions between excited levels are presented with dashed lines.



1684 A. Bogaerts, R. Gijbels / Spectrochimica Acta Part B 53 (1998) 1679-1703

considered separately because it can be selectivelyCu?" ions:
excited by asymmetric charge transfer (see below
and [19]). Similarly, the 38 4p 'P; level is also

taken separately, because it is more efficiently excited
by electron impact from the ground state (resonance Excitation and de-excitation between Cu atom levels,

Cun) + e Rlorizcez C¥'m+e +e +e. (5)

transition) than the other 3dip levels (see Fig. 3).
Beside the 8 Cliatomic and the 7 Clionic levels,
also the Cd" ion (ground+ excited levels together) is
incorporated in the model.

The collisional and radiative processes taken into
account in the model, are the following (grouped
together with the inverse processes):

Electron impact excitation and de-excitation
between the levels, for both Cu atoms and ions (
andm are arbitrary energy levels, with leved lying
higher than leveh):

Rﬁ&e
Culn) + e Cum + e, 1
Re_x():e
Cu'(n+e Cu'(m +e . 2

Electron impact ionization; three-body recombination
where the third body is an electron (i.e., transition
from a Cu atom level to a Cuion level, and from a
Cu’ ion level to the C&" ion, and vice versa).

Riﬂee
Cun) + e Cu(m+e +e, ©)
3b—recom
Riﬂee
cu'(n)+e Cl (m+e +e. (4
3b-recom

(Electron—ion radiative recombination could be

due to collisions with Ar gas atoms or Cu ground state
atoms (since the Ar and Cu atoms have thermal ener-
gies, excitation will only occur between two closely
lying levels; see further):

Rﬂ(;,a
cun) + C° (or Ar®) cum) + Cu’ (or Ar%),
leexca
(6)
Penning ionization of Cu atoms, due to collisions with
Ar metastable atoms:

# Rey

cun) + Ari, S cut(m) + Ar® + e, (7)

Asymmetric charge transfer ionization of Cu atoms
with Ar ions:

cun) + Art 88 cut(m) + Ar°, 8)

Photo-excitation and radiative decay between all
levels, for both Cu atoms and ions:

(1= A(mn)-Amn)
—

Cu(n) + hy Cum), 9
A((En)
(l*A(nﬂp-Nmn)
Cu'(n) + hy Cu' (m), (10)

whereA(m,n) is the Einstein transition probability and
A(m,n) is the ‘escape factor’ (see below).

Further, the Cu atoms are created by sputtering at
the cathode, and the transport of the Cu atoms and
ions is described by diffusion for the atoms, and by

neglected compared to three-body recombination, at diffusion and migration for the ions.

the typical electron densities of xm™ encoun-

The level populations of the 8 Eatomic levels,

tered at the discharge conditions under investigation the 7 Cu’ ionic levels and the Cii ground level are

here.)
Electron impact ionization from the Cu atoms to the

calculated with a set of 16 coupled balance equations
(one for each level) describing all the different colli-
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sional and radiative processes:

oN, _
# Vida(z 1) = RPTOd(n)(L N — RosM(Z 1),
19

whereN, is the population density of level(for both
the atomic and ionic levels)], is the particle flux
(vector notation), ancR,.¢ and Rgss comprise all
production (populating) and loss (depopulating)
processes of leveh, respectively. All the variables
are a function oz andr (i.e., axial and radial posi-
tion), but in the following, these position coordinates
are omitted, for the sake of simplicity.

For the atomic levels, production occurs by elec-
tron, Cu or Ar atom impact excitation from lower
levels and de-excitation from higher levels, as well

1685

Cu and Ar atom impact excitation to higher and de-
excitation to lower levels, as well as radiative decay to
lower levels. Also, ionization, given by electron
impact ionization (both to Ciand to Cd"), Penning
ionization and asymmetric charge transfer, causes loss
of the atomic levels:

Ntot,at

Iossatoms(n) = Z [Rexce(m) + Rexca(m)]

m=n+1

n—1

+ > [Recexce() + Reeexcall) + AN, 1)-An, 1]

I=1

+Rionize,e(t0 CU+) + Rionizee(to Cuz+) + RPI + RACT~
(13

as radiative decay from higher levels. Moreover, the All the symbols are explained above. It should be
highest excited Cu atom level in the model can also be mentioned that electron impact ionization to <Cu
populated by three-body recombination between Cu Penning ionization and asymmetric charge transfer
ions and electrons. Finally, an additional production are only incorporated for the Cu atom ground state.
process is incorporated for the Cu ground state atoms, Finally, the transport by diffusion is expressed by:
i.e., sputtering from the cathode. This leads to the _
following equation for atomic leveh: Iz

whereD denotes the diffusion coefficient.

Similar equations are set up for the ionic levels. The
production is given by electron impact excitation from
lower levels, and electron impact de-excitation and

r = —DVNy(zT), (14

n—-1
Rprodatomin) = Z [Rexce(l) + Rexqa(l)]
=1

Ntm.al . . . .
+ Z [Racexce(M + Ryeexca(M) + A(m, n)-Am, n)] radl'atl\./e decay from hlgher levels. Cu and Ar impact
et} excitation and de-excitation are not incorporated for

the ionic levels. Moreover, ionization from the Cu
atomic levels (electron impact ionization, Penning
ionization and asymmetric charge transfer) are addi-
tional production processes for some ionic levels (i.e.,
wherel and m denote the lower and higher atomic for n = 9,10,11; for the explanation, see Sections
levels, respectivelyi represents the ionic levels; and  2.2.2, 2.2.4 and 2.2.5, respectively), as well as three-
Niot,at @Nd Nyt jon Stand for the total number of atomic  body recombination from Cii (for the highest
and ionic levels in the model. The third term is only excited ionic leveln = 15):

used for the highest Cu atomic level=€ 8). The last
term describes the production due to sputtering and is
only used for the Cu atom ground state=€ 1). J,
gives the flux of sputtered atoms from the cathode,

NIOL\On

+ Z [R3b—recon(i)] + JoFr,
i=1

12

n—-1

I:zprod,ions(n) = Z [Rexce(l)]

=1

andF; symbolizes the three-dimensional thermaliza- Niotion

tion profile of sputtered atoms, which is used as the + Z [Raeexce(M) + A(m,n)-Am, n)]
starting distribution for diffusion (see below). The ment1

other symbols represent the rates of the various popu- + Ronizee T Rer + Ract + Rab_recom

lating processes and were explained before in the (15)
process reactions.
The loss processes for the atoms include electron, Loss of the ionic levels is caused by electron excitation
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to higher ion levels, electron de-excitation and radia- could be used, and the convergence criterion was
tive decay to lower ion levels, electron impact ioniza- fixed at a relative error lower than 10
tion to CU*, and recombination with electrons to the Data to calculate the Cu atom and ion level popula-

highest Cu atom level: tions are the electron energy distribution function and
New, electron density (for electron impact collisions), the
, _ o~ energy distributions of plasma species bombarding

n) = m
Rossions(1) m:;rl[Rexc‘e( ) the cathode (to calculate sputtering), the electric

potential (for transport of the Cu ions), the density
of Ar ions (for asymmetric charge transfer), of Ar
metastable atoms (for Penning ionization) and of Ar
ground state atoms (for Ar atom induced collisions),
+ Rionizee(t0 16) + +Rgy_reconfto 8). and, of course, basic data (like cross sections and
(16) Einstein transition probabilities) for all the processes.
The energy distributions and densities of the plasma
Transport is given by diffusion and migration in the species, as well as the electric potential, were calcu-
electric field: lated in our previous models (see Refs. [3—10]) and
3 _ _NE _ = are used as inputs in the present model. The cross
In(@ 1) = ~DVNu(z 1) = uNn(z D VV(Z 1) dn sections and other basic data used in the present
whereD is again the diffusion coefficienj, denotes model, will be discussed below.
the mobility, andV is the electrical potential.

Finally, for the Cd" ions, production is caused by
electron impact ionization from the Cu atom ground
state and from the various Cuon levels. The only ~ 2.2.1. Electron impact excitation and de-excitation
loss process in the model is three-body recombination  Electron impact excitation cross sections for Cu are
to the highest CU ion level, and transport is again  not so easy to find in the literature compared to, for
given by diffusion and by migration in the electric example, values for Ar. Some data are, however,

n—-1
+ > [Rasexcel) + A, H-AN, )]
=1

2.2. Discussion of the basic data

field: available in the literature, in connection to copper
Netion vapor lasers.
+ = Rynigees(from 1) + Ronizec(), (18) F(_)r Cu atoms, a num_ber of papers present cross
Roroacis onzee2 ; onzes section data, obtained either experimentally [24—26]
or by theoretical calculations [27—-30]. However, the
Riosscie* = Rap-recom (19 data are generally limited to the transitions from the

ground level to the 3§ 4p2P,;, and®Py, levels and to

Jop- 1) = —DPNeg: @) — uNe,2 @DV,  the 3d 42 °D5), and?Ds, levels, which are the upper
20) and lower laser levels, resp_ectwely, fo_r the 510.6 anq

578.2 nm Cu atom laser lines. Scheibner and Hazi
Since the populations of the various levels are deter- [31] have calculated cross sections for a few more
mined by the populations of the other levels due to transitions (involving also the 3d4s 4p quadruplet
excitation, de-excitation, ionization, recombination levels, and the 34 4d levels) based on 10-stake
and radiative decay, the 16 balance equations for the matrix close-coupling calculations. Their unpublished
16 CW atomic and Cii and Cd" ionic levels are data are used in our present collisional—radiative
solved simultaneously at each timestep, until conver- model. The cross sections for other transitions
gence is reached. The differential equations are between Cu atom levels, which are not available in
converted into algebraic equations by the finite differ- the literature, are deduced from the oscillator
ence method, and solved by the Thomas algorithm strengths [32] or from known cross sections between
(which is explained in the appendix of Ref. [23]). A similar transitions in other atoms. For example, the
non-uniform spatial grid was used, with most mesh- electron impact excitation cross section front 3¢’
points adjacent to the cathode. A time-step of4® 2Dy, (n = 2) to 3 45’ 2Dy, (n = 3) is based on the
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form of the cross section for electron excitation from Since the cross sections for transitions between the
6°P; to 6°P, in Hg | [33]. Excitation cross sections to  Cu ion excited levels are not available in the literature,
and from effective levels are calculated from the indi- a simple scaling formul#EZ (with f andE, being the
vidual cross sections as the weighted average over theoscillator strength and the threshold energy, respec-
lower individual levels and the sum over the upper tively) [35] was used to calculate the peak cross

individual levels: section values, with respect to the peak cross section
of the resonance transition (from= 9 to n = 14),
which is known from Ref. [34], i.e.:
> g0 [Z CexcX y)] 134]
X y 2
Texd(N,M) = , (21 . f/ES |, .
exe > g Tpea{CU™) = Tpear(9 — 14)@. (22)
X [f/EO]9—>14

where n and m are the lower and upper effective The energy dependence of these cross sections is
levels,x andy are the corresponding individual levels, assumed to be the same as for the resonance transition,
andg(x) is the statistical weight of level. with the maximum occurring at the threshold energy.
Fig. 2 shows the electron impact excitation cross It should be mentioned that this method can only be
sections for all the atomic transitions incorporated in used for optically allowed transitions (for which the
our model, as a function of the electron energy. The oscillator strength is known). The cross sections for
cross sections for excitation from the atomic ground optically forbidden transitions are, therefore, assumed
state are indicated by solid lines, whereas transitions to be zero. This is again justified, since these transi-
between excited levels are represented by dashedtions are again negligible compared to other
lines. It is seen that the cross sections are higher for processes. Electronic intermultiplet mixing between
transitions between energy levels lying close to each Cu ion levels (e.g., 3t4s *D-3d’ 4s D) is not
other (e.g., from 7 to 8, and from 2 to 3). On the other taken into account since the cross sections become
hand, the cross sections for excitation from the ground negligibly small when the electron energies exceed
state to levels 4 and 5 are significantly higher than for the threshold energy (i.e., 0.1-0.5 eV) by 1-2 orders
excitation to levels 2 and 3, especially at high ener- of magnitude [17].
gies. This phenomenon is made use of in copper vapor Fig. 3 presents the electron impact excitation cross
lasers, because it gives rise to population inversion of sections for all the Cu ion transitions taken into

the 3d° 4p levels compared to the 3dis’ levels,  account in our model. Again, the solid lines represent
which is the basis for laser action. excitation from the Cu ion ground state, whereas the

For the Cu ions, the excitation cross sections for dashed lines indicate the transitions between Cu ion
transitions from the Cu ion ground state £ 9) to excited levels. The solid lines are characterized by

the 3d 4s and 3d4p levels o = 10—14) are obtained  some fine-structure at low energies, which is the result
from a 41-stateR-matrix close-coupling calculation of the detailed 41-stateR-matrix close-coupling
[34]. These data were only calculated up to energies calculations. At energies above 16 eV, the curves
of 16 eV, therefore, we fitted some curves of the form are a simple extrapolation from the lower energies,
AJE® at about 16 eV and extrapolated them towards and no fine-structure is therefore observed. In general,
higher energies. The cross section for excitation from the cross sections used in the model are from fit-equa-
the Cu ion ground state to the 36k levels i = 15) is tions of the curves in Figs. 2—4. However, this was not
unknown and is therefore assumed to be zero. This possible for excitation from the Ction ground state,
approximation is justified, since it concerns an opti- which shows some fine-structure for energies lower
cally forbidden transition for which the cross section, than 16 eV. Therefore, for the latter transitions, the
if known, would be low anyhow. Moreover, we have cross sections are directly obtained from look-up
tested that this approximation of using a zero value tables.

had no effect on the resulting population density, since It is seen that the cross section for excitation from
other processes (like stepwise excitation from excited the ground state to level= 14 is much higher than to
Cu” levels) are more important. the other levels, which is due to the fact that this
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transition is optically allowed. The dashed lines have removal of a 4s electron results in the formation of the
all the same energy dependence as the resonance trancu® 3d'° ground stater{= 9), and that the ionization
sition (9— 14), as is explained above. The fact that of a 3d" electron leads to the Cu3d® 4s metastable
the cross sections for the transitions from 10 and 11 to levels = 10 or 11).
13 are higher than the other values is simply due to the  For ionization from the Cu atom excited levels, it is
fact that level 13 is an effective level consisting of assumed that only the outer (excited) electron can be
many individual levels (total statistical weighkt 52). removed, which is much more weakly bound than the
The cross sections for electron impact de-excita- inner shell 3d electrons. The ionization cross sections

Odeexe(M, N, E/) = (23 ,
En(CU)

Znt>t) 24
En(CU) @9

OpeakCu* = O'peak(:uol:

tion, for both the atomic and ionic transitions, are were deduced from the cross section for removal of
calculated from the corresponding excitation cross the 4s electron from the ground state, with the peak
sections, based on the principle of detailed balancing: cross sections scaled according to the ratio of the
squared threshold energies [38]:
gm E/ excit\' >
wheren andm are the lower and upper level, respec- ]
tively, g denotes the statistical weight of these levels,
andE' = E — E,, (with E,, being the energy differ-  The threshold energy for ionization of a Cu excited
ence between leveh and leveln). To obtain the total level (E(Cu)) is generally smaller than the corre-
de-excitation cross section from an effective level, sponding value for ionization of the Cu ground state
this cross section is first calculated for each individual (Ey(Cu%); consequently, the ionization cross sections
level based on the individual excitation cross sections from the Cu excited levels will be higher. This is also
to these levels, with the above formula; then, the total visualized in Fig. 4, which presents the ionization
de-excitation cross section from the effective level is cross sections from the Cu atom ground state and
computed in the same way as the excitation cross excited levels (solid lines). The cross sections for ioni-
section from an effective level (see above). zation from the 3d4s” metastable levels\= 2 and 3)
and from the 384s 4p quadruplet levels (= 6) are
2.2.2. Electron impact ionization and electron—ion relatively small compared to the other excited levels,
because ionization from these levels leads probably to
the formation of the 384s metastable Cu ion levels

three-body recombination
The cross section for electron impact ionization

from the Cu atom ground state is adopted from the
experimental values of Freund [36]. There is not much
known about the importance of inner shell ionization
(i.e., removal of a 3t electron compared to the 4s

electron). We calculated the ratio of both ionization
channels with the partial ionization cross sections
given by Lotz [37]. It was found that for energies

lower than about 60 eV, 4s electron removal is more

(n= 10 and 11), since a 4s and a 4p electron will be
removed, respectively. Therefore, the threshold ener-
gies are slightly higher than for ionization to the Cu
ion ground state, and hence the cross section is
slightly lower (see Fig. 4). It should also be mentioned
that the ionization cross section from the °345”
levels, calculated with the above method, had to be
multiplied by two, because there are two 4s electrons

probable, whereas for higher energies, a 3d electron which can be removed. Fig. 4 shows also the contri-
has more chance to be removed (see also Fig. 4).bution of ionization of a 4s and a 3d electron from the
Indeed, inner shell ionization becomes more impor- Cu atom ground state: it follows indeed that a 4s
tant at higher energies, because the more strongly electron can be more easily removed at low energies,
bound electrons can be more easily removed than atwhereas the situation is reversed at high energies, as
low energies. In general, inner shell ionization is less was explained above.

efficient, but the cross section is still considerable, The cross section for electron impact ionization
since there are 10 possible d-electrons which can befrom Cu atoms in the ground stata £ 1) to Cu/**
removed. The partial cross sections were normalized ions was adopted from Ref. [36]. As is illustrated in
so that the sum of both was equal to the experimental Fig. 4, it is more than an order of magnitude lower
cross section given by Freund [36]. It is clear that the than the cross section for ionization to Cions.
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Fig. 4. Cross sections of electron impact ionization for the Cu atom
and Cu ion levels, as a function of the electron energy. The cross
sections for ionization from the atom levels are indicated with solid
lines, while the ionization from the ion levels are presented with
dashed lines.

The cross sections for electron impact ionization
from Cu" ions are represented by the dashed lines
in Fig. 4. The cross section for ionization from the
ionic ground state was obtained from Ref. [34]. The
corresponding values for ionization from the ionic
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This formula is valid for strontium, and in general,
it depends on the type of ion. However, since stron-
tium and copper ions have a comparable energy level
scheme, the formula can be used for copper as well. At
the typical GD-OES discharge conditions under
investigation here (i.e., 800V, 500 Pa, 28 mA), the
electron temperature was measured with Langmuir
probes to be around 5000 K at ca. 7 mm from the
cathode [40]. We are not aware of spatially resolved
Langmuir probe measurements in the glow discharge
cell under study here (see below); therefore, we use
this value throughout the whole discharge. This is
only an approximation, but it affects only the highest
excited Cu ion level (see Table 2), which has no
significant influence on the other levels. Hence, the
recombination rate coefficients are calculated to be
8.7 x 10 ®cmPs ! (for Cu™/2e’) and 1.6 x
10"*cm®s™! (for Cu?*/2e7). As mentioned before,
it is assumed that recombination leads to atoms (in the
case of Ci/2e") or ions (in the case of Cii/2e7) in
the highest excited level, i.e., level= 8 andn = 15,
respectively.

2.2.3. Ar or Cu atom impact excitation and de-
excitation
Cross sections for excitation and de-excitation due

excited levels are again deduced from the cross
section for removal of a ground state electron, with to collisions with Ar or Cu atoms are, to our knowl-
the peak cross sections scaled according to the ratio ofedge, only available for some reactions concerning the
the squared threshold energies (see above). Again, theCu atom 3d 4s? D levels f = 2 and 3) and the 38
higher excited levels have a lower threshold energy, 4p 2P levels o = 4 and 5) [41]: i.e., for collisional
which is manifested in higher cross section values and mixing (= excitation and de-excitation) within t&®

a maximum at lower energies. or 2P levels by collisions with both Ar or Cu atoms,

The rate coefficients for three-body recombination and for collisional quenching £ de-excitation) of
between a Ciiion or a Cd" ion and two electrons are  these levels towards the ground state due to Ar or
obtained from Ref. [39]: Cu atoms.

Collisional quenching from théP levels to the
ground state can, however, completely be neglected
compared to radiative decay from these levels. More-
over, collisional mixing within these levels is also
neglected, because the energy difference is only
0.03 eV, and such collisions will not perturb the
level populations (i.e., the ratio of their densities is
only determined by their statistical weights, i.e., 1:2).
Hence, this leaves us with collisional mixing and
quenching of the’D levels due to both Cu or Ar
atoms. The following reaction channels are incorpo-
rated in the model, with the cross sections adopted

Krecom= 1.154x 10 ¢pTo > cm®s™ ! (for T, < 3100 K),
Kecom= 7.16x 10 %pT; %8 cm®s™  (for T, > 3100 K),
(29

where T, is the electron temperature andis the
Coulomb logarithm:

p=23 |n[\/(227+1)]’

with Z being the charge state of the ion.

(26)
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Table 2

Calculated relative contributions of the various populating and depopulating processes for the Cu atomic and ionic levels, integrated over the

A. Bogaerts, R. Gijbels / Spectrochimica Acta Part B 53 (1998) 1679-1703

entire three-dimensional discharge region

Level number

Populating processes (%)

Depopulating processes (%)

1
cu®
3d'%4s2%s,,

2
cu®
3d° 4 2Dy,

cu®
3d° 4 2Dy,

4
cu
30 4p 2Py,

5
cue
30 4p 2Py,

6
cu

3d" 4s 4p
AP’ 4D, 4E

7
cu®
3d° 5525,

Sputtering (98.7)

Radiative decay frorm = 4 (0.4)

Radiative decay frorm = 5 (0.6)

Electron impact de-excitation from = 2 (0.2)
Electron impact de-excitation from = 3 (0.1)

Electron impact de-excitation from = 3 (69)
Electron impact de-excitation from = 5 (0.2)
Cu’ impact de-excitation fronm = 3 (2.5)
Electron impact excitation froon = 1 (4.6)
Radiative decay fronm = 5 (22.4)

Radiative decay fronm = 6 (0.9)

Radiative decay frorm = 8 (0.4)

Electron impact excitation froom = 2 (80.3)
Electron impact excitation froon = 1 (3.4)
Electron impact de-excitation from = 4,5 (0.2)
Cu’ impact excitation fromn = 2 (0.1)
Radiative decay fromm = 4 (11.7)

Radiative decay frorm = 5 (3.4)

Radiative decay frorm = 6 (0.6)

Radiative decay fronm = 8 (0.3)

Electron impact excitation froom = 1 (92.0)
Radiative decay frorm = 7 (0.6)
Radiative decay frorm = 8 (7.3)

Electron impact excitation froom = 1 (92.0)
Electron impact excitation froom = 2 (0.1)
Radiative decay frorm = 7 (0.6)
Radiative decay fromm = 8 (7.3)

Electron impact excitation froom = 1 (79.4)
Electron impact excitation froom = 2 (13.5)
Electron impact excitation from = 3 (7.1)

Radiative decay from = 8 (83)

Electron impact excitation froon = 4 (3.4)
Electron impact excitation froon = 5 (7.4)
Electron impact de-excitation from = 8 (6.2)

Penning ionization (66.4)

Asymmetric charge transfer (16.1)

Electron impact ionization (4s electron) (2.1)
Electron impact ionization (3d electron) (1.1)
Electron impact excitation to= 2 (0.9)

Electron impact excitation ta = 3 (0.6)

Electron impact excitation to = 4 (3.8)

Electron impact excitation ta = 5 (7.5)

Electron impact excitation ta = 6 (0.4)

Electron impact excitation to = 8 (1.1)

Electron impact excitation to= 3 (93.7)
Electron impact excitation to= 6 (0.4)
Electron impact de-excitation to = 1 (5.0)
C{ impact excitation ton = 3 (0.1)

Electron impact ionization (0.4)

Electron impact de-excitation to = 2 (92.1)
Electron impact de-excitation to = 1 (4.2)
Cl impact de-excitation tm = 2 (3.3)

Electron impact ionization (0.1)

Radiative decay to= 1 (49.5)
Radiative decay to = 3 (48.7)
Electron impact de-excitation to = 1 (1.2)

Radiative decay to= 1 (35.5)

Radiative decay to = 2 (55.4)

Radiative decay to= 3 (7.1)

Electron impact de-excitation to = 1 (1.4)
Electron impact de-excitation tm 2 (0.9)

Radiative decay to= 1 (30.2)
Radiative decay to= 2 (39.6)
Radiative decay to = 3 (24.0)
Electron impact de-excitation tm = 1 (0.2)
Electron impact de-excitation tm = 2 (2.7)
Electron impact de-excitation tm = 3 (3.0)
Electron impact de-excitation ta = 4,5 (0.2)

Radiative decay to = 4 (32.6)
Radiative decay to =5 (66.6)
Electron impact de-excitation to = 4 (0.3)
Electron impact de-excitation to 5 (0.5)



8
cu®
3d" 5p, 3d

10
Cu’
3d” 4s5°Dy;,

11
Cu’
3d’ 4s'D,

12
cu*3d® 4p °p,

13
cu*
3d® 4p (other)

14
cu’
3d” 4p'Py

15
Cu®
3d° 5s

16
cu?
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Electron impact excitation froom = 1 (98.1)
Electron impact excitation froon = 2 (0.4)
Electron impact excitation from = 3 (0.1)
Electron impact excitation froom = 4 (0.1)
Electron impact excitation froon = 5 (0.2)
Electron—ion three-body recombination (1.1)

Penning ionization (89.1)

Electron impact ionization (4.8)

Electron impact de-excitation from = 10 (5.5)
Electron impact de-excitation from = 11 (0.5)

Penning ionization (54.1)
Electron impact ionization (2.4)
Radiative decay fronm = 12 (43.2)
Radiative decay fronm = 13 (0.2)

Penning ionization (94.2)
Electron impact ionization (4.2)
Radiative decay fronm = 12 (1.1)
Radiative decay fronm = 13 (0.3)

Asymmetric charge transfer (99.99)

Electron impact excitation froom = 9 (2.5)
Electron impact excitation froom = 10 (89.5)
Electron impact excitation from = 11 (7.8)
Radiative decay fromm = 15 (0.2)

Electron impact excitation froom = 9 (95.5)
Electron impact excitation froom = 10 (0.7)
Electron impact excitation from = 11 (3.7)

Electron—ion three-body recombination (95.8)
Electron impact excitation froon = 12 (4.2)

Electron impact ionization froom = 1 (87.0)
Electron impact ionization froom = 9 (4.9)
Electron impact ionization froom = 10 (7.4)
Electron impact ionization froom = 11 (0.7)

Radiative decay to= 1 (1.8)
Radiative decay to = 2 (8.0)
Radiative decay to = 3 (3.8)
Radiative decay o = 4 (27.1)
Radiative decay to =5 (53.8)
Radiative decay=+07 (5.1)
Electron impact de-excitation te = 7 (0.4)

Electron—ion three-body recombination (14.5)
Electron impact ionization (10.8)
Electron impact excitation tom = 10 (18.1)
Electron impact excitation to = 11 (12.5)
Electron impact excitation ta = 12 (1.5)
Electron impact excitation ta = 13 (6.6)
Electron impact excitation ta = 14 (36)

Electron impact de-excitationnte= 9 (95.9)

Electron impact excitationnte= 12,13,14 (3.6)
Electron—ion three-body recombination (0.2)
Electron impact ionization (0.2)

Electron impact de-excitation nto= 9 (96)

Electron impact excitationnte= 12,13,14 (3.6)
Electron—ion three-body recombination (0.2)
Electron impact ionization (0.2)

Radiative decay 010 (99.4)
Radiative decay to = 11 (0.5)

Radiative decay to = 10 (78.3)
Radiative decay to= 11 (21.5)

Radiative decay to= 9 (76.8)
Radiative decay to= 10 (1.5)
Radiative decay to= 11 (21.6)

Radiative decay=tal2 (12.2)
Radiative decay to= 13 (82.5)
Radiative decay to = 14 (5.0)

Electron—ion three-body recombination (100)

from [41]:

Cu'(3d” 45 ?Dgp)(n = 2) + Ar°

— CWBd 452S,,)(n = 1) + Ar® + AE,

—21 2.
T quench,Ar2-1)= 10 “cm5

Cu'(3d® 4€° ?Dgp)(n = 3) + Ar°

— CU’(3d%4s%S,,)(n = 1) + Ar® + AE,
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—21 2.
O quencharz-n= 10 - cm?;

cu'3d 4¢ ?Dg)(n=2) + C

— CW(3d° 45%S,,)(n= 1) + CL + AE,
T quench,cu@-1= 4.8 X 10~ e
Cu‘(3d 4¢° 2Dg,)(n=3) + CP°

— CU3d 4s%5,,)(n= 1) + C° + AE,
O quench,Cu(3-1~ 48x 107" sz;
Cu*(3d’ 4¢° °Dyp)(n = 3) + Ar°

& CUBd 4¢ ?Dgp)(n = 2) + Ar® + AE,
2.

—20
T mix,Ar(3-2) = 10 ““cm’,

cu'3d® 4¢ ?Dy,)(n = 3) + CU
& CU3d 4 ?Dyp)(n = 2) + CU’ + AE,

O mix,Cu(3-2) = 1.7% 10715 sz.

The cross sections for the reverse collisional
mixing processes (i.e., excitation from level 2 to
level 3) by Ar and Cu atoms are obtained from the
formula for detailed balancing (see Section 2.2.1).
The energy difference between= 2 andn = 3 is
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an empirical formula is given relating the Penning
ionization cross section to the reduced mass and the
atomic radii of the collision partners. We fitted this
empirical formula to some experimental cross section
data available in the literature (e.g., Refs. [42, 43]), in
order to arrive at approximate values for other
elements. In this way, the Penning ionization cross
section of Cu atoms with Ar metastable atoms was
computed to be 4.& 10 cm? at thermal energies,
which corresponds to a rate coefficient of 2.86
10 Yem®s™

Further, it is not exactly known whether the Cu ion
is formed in the ground state or in excited levels by
this Penning ionization process. In Ref. [44] it was
stated that, on one hand, the rate of this process is
proportional to

W(R) = UA[(A™".B. e e (E),

V(R)

A, B)

whereR s the internuclear distanc®(R) is the inter-
action potential{A*" B,e and|A,B) are the relevant
wave functions, ang¢(E) is the final density of states,
which is essentially that of the ejected electrons. It is
proportional to the matrix element of the transition
which has a resonant character, i.e., it is large mainly
at low energies of the ejected electrons. On the other
hand, the rate is also proportional pg(E), which

0.253 eV. Since both the Cu and Ar atoms are increases with the electron energy. It is the competi-
assumed to be characterized by thermal energy, withtion between these two above-mentioned factors
a mean value of 0.1 eV (which corresponds to the \hich determines the magnitude of this process.
assumed gas temperature of 800 K; see above), only |naba et al. have investigated the relative rates for
a fraction of these atoms, with an energy higher than penning ionization to individual excited ion levels, by
this threshold is able to cause excitation. This fraction means of Penning electron spectroscopy for Cd, Zn
is calculated from the Maxwell-Boltzmann distribu-  and Mg atoms with He or Ne metastable atoms [43,
tion to be about 7%. 45-48]. They found that about 60% of the ions are
It can be seen that the above cross sections for formed in the ground state, whereas the remaining
collisions with the Ar atoms are much lower (the fraction is distributed over the excited levels with
values used in the model are the upper limits) than energies lower than the He or Ne metastable level
the corresponding values for Cu atoms. However, the energy. A similar study was performed by Baltayan
Ar atoms have a higher density than the Cu atoms et al. [49, 50] in a flowing afterglow apparatus, for He
(i.e., ca. 16°~10" cm™> compared to ca. focm™® metastable atoms with Cd or Zn atoms; it was found
at the typical discharge conditions under study [21]), that for He—Cd ca. 40% leads to ions in the ground
so that both reaction channels are incorporated. state, while for He—Zn about 90% of the ions are
formed in the ground level.

2.2.4. Penning ionization Based on all these observations, we assumed that

The rate coefficient for Penning ionization between
Cu atoms and Ar metastable atoms is not directly
available from the literature. However, in Ref. [42]

for Penning ionization between Ar metastable atoms
and Cu atoms, 60% of the Cu ions are formed in the
ground state. The remaining 40% leads to Cu ions in
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excited levels lying below the Ar metastable levels
(i.e., at 11.55 and 11.72 eV). This is only the case
for the four 3d 4s levels. Therefore we assume that
10% goes to each of these levels. Since tHe43dD;,

3D, and ®Dj; levels are combined into an effective

level (h = 10), this corresponds to a distribution of

30% to leveln = 10 and 10% to leveh = 11.

2.2.5. Asymmetric charge transfer

The rate coefficient for asymmetric charge transfer
between Ar ions and Cu atoms is even more difficult
to find in the literature. Data for this process at thermal
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total calculated Ar ion density, respectively (in the
assumption that the other excited Ar ion levels have
much lower densities and can be neglected) [12, 14,
19]. Since there is good energy overlap between the
Ar ion metastable level and the= 12 Cu ion level,

we assume that the rate coefficient of asymmetric
charge transfer is the same as the one for Penning
ionization, i.e.,kaer = 2.36 X 10 *cm®s % This
value is in reasonable agreement with the value of
2 x 10%cm®s ™}, obtained by fitting modeling
results of an Ar—Cu ion vapor laser to experimental
data in Ref. [64].

energies between rare gases and metal atoms are only We assume that all ions are formed in tire 12 Cu
available for specific combinations of reactants, like ion level by this process, and not into other levels.
He"—Cd [50-52], HE-Zn [49], He'—Hg [53-59], Indeed, Steers has demonstrated that in an argon
He"—Cs [60], HE —Rb [61], Ne'—Zn [62], etc., in  discharge, the intensity of the 224.7 nm line, originat-
connection with metal—vapor ion lasers. It is gener- ing from the 3d 4p 3p, level, is significantly higher
ally known that this process is only significant when than other lines originating from nearby levels,
the energy difference between the levels of the rare compared to a neon or helium discharge; this was
gas and metal ion is sufficiently small (i.e., good attributed to the selective ionization/excitation of the
energy overlap). However, the process is quite 3p, level by asymmetric charge transfer with Ar, at
complicated; for example, it is not always true that typical GD-OES discharge conditions [19].
the smallest energy difference between energy levels Another reaction channel of asymmetric charge
yields the highest cross section [49, 53, 63]. There- transfer for Af—Cu, which would be possible based
fore, it is almost impossible to deduce the cross on energy considerations, is between the Ar ion
section for a specific combination of reactants from ground state and the Cu atom metastable levels (
data between other elements. 2 and 3) [64]. However, this would yield selective
In Refs. [49, 50] cross section data are available for excitation of other Cu ion levels, and it was found
both Penning ionization and asymmetric charge trans- in Ref. [19] that lines originating from these other
fer of He metastable atoms or He ions, respectively, levels are not particularly intense at typical GD-OES
with Cd and Zn atoms. In these cases, a good energyconditions. Therefore, the latter reaction channel is
overlap was found for asymmetric charge transfer, neglected in our model.
and moreover, the cross sections for Penning ioniza-
tion and asymmetric charge transfer were measured t02.2.6. Radiative decay

be of comparable magnitude. For the’AICu system

The Einstein transition probabilities, which deter-

under study here, there are no Cu ion levels showing mine the rate of radiative decay, are adopted from

good overlap with the Ar ion ground state 3P,

at 15.76 eV), but there is one Cu ion level which lies
only slightly above the Ar ion metastable level {3p
2p, ., at 15.94 eV), i.e. the 3d4p 3P, level (h = 12),

at 15.96 eV. These two Ar ion levels are, actually, two
different ionization limits for Ar, corresponding to the

primed and unprimed system, and it is assumed that A(m,n) =
their densities are in the same ratio as their statistic

weights, i.e. Af/Ar; ~ 4/2. In our model network,
we have calculated only the total Ar ion density [5, 9].

Refs. [28, 65] for the Cu atoms and from [17, 66]
for the Cu" ion transitions. The transition probabil-
ities from and towards effective levels were calculated
from the individual values by [14]:

> > awAY.%

x>y
Say
y

where n and m are the lower and upper effective

27

Hence, the densities of the Ar ion ground and meta- levels, andk andy are the individual levels belonging
stable levels are considered to be 2/3 and 1/3 of our to the lower and upper effective levels, respectively.
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The net rate of radiative decay is, however, not only whereE,,{(m) andg(m) are the excitation energy and
determined by the Einstein transition probability, but statistical weight of upper leveh, respectivelyg(n)
the latter must be multiplied by a so-called escape is the statistical weight of lower leval A(m,n) is the
factor. Indeed, a fraction of the emitted radiation Einstein transition probability for radiative decay
from an upper to a lower level can again be absorbed from level m to level n, T, and M, are the atom
by the lower level, leading to re-excitation from the temperature and mass, respectiveyjs the radius
lower to the upper level, i.e., called ‘radiation trap- of the cell cylinder (i.e., different value for the narrow
ping’ or ‘photo-excitation’. In this way, the complex neck near the cathod® & 0.4 cm) and for the main
problem of describing radiation transfer is avoided. volume R = 1.6 cm); see Fig. 5 below), arivd}, is the

The escape factor expresses the fraction of photonsnumber density of the lower level. The latter quantity
which are not re-absorbed by the lower level, but varies as a function of axial and radial position.
which can escape from the discharge plasma. It is However, the above formulas take the integral over
calculated as follows [12, 14, 67—69]. For a cylindri- all directions in which the photons can escape. There-

cal tube of radiu®, and when both Doppler and colli-  fore, the density of the lower level at each position is
sional line broadening are present, it holds: averaged over all nearby positions.It is clear that the
’ above formulas can only be used whigR > 1.
Am 1) = 1.9T, exp( _7TT2CD) Indeed, in a very_siFr{anified case, the re-absorption
4T¢ is weakened as &R, where ky* symbolizes the

‘mean free path of a photon’, ;R < 1, it holds
+ 13T, erf( V7Tep ) 28y  thatthe cell radiuR < k; * and that no re-absorption
2T will take place. The condition df,R > 1 is satisfied
whenN, is sufficiently large. Indeed, if the lower level
density is rather low, there will be no re-absorption. It
was found that at the discharge conditions under
study, only the Cu atom ground state density close
enough to the cathode was sufficiently high to re-

whereTp and T¢ are the transmission coefficients for
pure Doppler and collisional broadening, respec-
tively, andT¢p is the coefficient for collisionally broa-
dened emission and Doppler broadened absorption

profiles: absorb a fraction of the emitted photons, so that the
T — 1 (29) above formulas are only used for the lower level equal
P KRJ/TINKR) to the Cu atom ground state. For transitions to all other
levels (Cu atom excited levels, and Cu ion levels), the
a escape factor is simply assumed to be equal to 1 (i.e.,
Te= JKR’ 30 100% escape of radiation, no radiation trapping).
2a 2.2.7. Transport by diffusion and migration
Tep = TSR (3D The diffusion coefficient of the Cu atoms in argon is

calculated with a formula of the rigid-sphere model
wherekgR is the optical depth pertaining to the line for a mixture of two chemical species [70], which
center and a is the damping coefficient: yields D = 144.6cnfs™ at 1Torr argon and
3323% 10 gm) (M 3h00 I;.ﬁln a first appdroximatior(lj i:) cak? beh assumfed
_ 9.043X gm a that diffusion is not determined by the charge of a
koR = [Eexcit(m)]3 a(n) \/TiaA(m’ DNaR (32 particle; therefore, the diffusion coefficient of the
Cu™ and C4d" ions is taken equal to that of the Cu
] atoms. Moreover, the same value is also used for the
n

3.225x 10 * g(m)

3 Cu atoms and ions in excited levels.
[Eexcit(m)] g(n)

The mobility of the Cu ions is adopted from Ref.
[71] where a graph of the mobility as a function of the
7.657x 10 M, 33 ion mass in argon, neon and helium was presented. It

Eexcit(M) Ta’ was taken to be 1837.4 ém ! at 1 Torr argon and

a= A(m,n)[1+
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300 K. Again, the same value is used for the'Gons
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when they collide with the surface, and ‘disappear

in the ground state and also in the excited levels. The as such’ from the plasma).

mobility of the CUf* ions is assumed to be two times
the value of the Cliions, based on the effect of the
double charge.

2.2.8. Sputtering

The sputtering term in Eq. (12) consistslgf = the
flux of sputtered Cu atoms from the cathode) multi-
plied by Fr ( = the three-dimensional thermalization
profile of the sputtered Cu atoms). Indeed, when the

sputtered Cu atoms leave the cathode, they have ener
gies of 5-15 eV [72]. They lose these energies almost

immediately by collisions with the Ar gas atoms until
they are thermalized, after which they diffuse further

into the plasma or back towards the cathode. Since

thermalization is much faster than diffusion, it can be

3. Results and discussion

The calculations are carried out at typical condi-
tions used for GD-OES, i.e., 800V, 500 Pa, 28 mA,
and in a discharge cell which is used in all commercial
GD-OES instruments, i.e., the so-called Grimm cell.
This cell has a length of 7.8cm and an overall
diameter of 1.6 cm. However, close to the cathode,

the diameter is only 0.4 cm. A schematic picture of
this cell is presented in Fig. 5 [21]. Due to the cylind-
rical symmetry of this cell, the calculations could be
performed in two dimensions (radial and axial direc-
tion).

assumed already finished when diffusion starts [73]. 31 |evel population densities
Therefore, both processes can be separated in time
when modeling the behavior of the sputtered atoms, 3.1.1. Cu atom two-dimensional density profile

i.e., the simulation of the thermalization process
results in a thermalization profile, which is used after-
wards as starting distribution for the further diffusion
process. The description of the thermalization is
carried out with a Monte Carlo model, as is explained
in detail in Ref. [4].

Jo is determined from an empirical formula for the
sputtering yield [74], multiplied by the flux energy
distributions of the plasma species bombarding the
cathode (i.e., Ar ions, fast Ar atoms and also Cu
ions). The latter are calculated with Monte Carlo
models in the cathode dark space [3, 7—10]. This
sputtering term is only used for the Cu atoms in the

Fig. 6 presents the two-dimensional population
density of the Cu atom ground state € 1). The
cathode of the cell is given by the left border of the
plot, whereas the anode cell body is represented by the
other borders, as well as the gray rectangles. The
density reaches a maximum adjacent to the cathode
(due to sputtering at the cathode) and decreases
further into the cell. An expanded view is included
in the figure to present a detail of the profile in the
narrow neck close to the cathode. The Cu atom
excited levelsif = 2—8) are characterized by exactly
the same profile, but the absolute values are some
orders of magnitude lower. Since the absolute values

ground state. Indeed, it may be possible that the Cu at the maximum of the profiles are presented below
atoms are sputtered in the form of excited levels, but (see Fig. 8), the two-dimensional profiles give no
they will probably be de-excited by collisions with the additional information and are, therefore, not shown
Ar gas atoms so that the thermalization profile exists here. The density profile of sputtered metal ground

only of ground state Cu atoms.

2.2.9. Boundary conditions
Finally, the boundary conditions for this set of

state atoms in a glow discharge has been measured
by laser induced fluorescence and by atomic absorp-
tion spectrometry, for a somewhat different cell
geometry, slightly different discharge conditions and

equations are determined by the sticking coefficients another element (tantalum, because of availability of
of the Cu atoms and ions at the walls. For the Cu laser wavelengths) [75]. The results were in very good
atoms in the ground state, a sticking coefficient of agreement with our calculation results for exactly the
0.5 was used (i.e., 50% of the atoms are adsorbed atsame conditions and cell geometry and also tantalum
the walls) [10], whereas for the excited Cu atoms and as cathode material. These results were based on a
the Cu ions, the sticking coefficient was assumed to be slightly different model from the present one (i.e.,
1 (i.e., 100% will be de-excited and/or neutralized an earlier version, considering only the sputtered
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Pump 2
3

\2 Pump 1 4 Gas inlet

Fig. 5. Schematic representation of the Grimm source geometry, used in the model. (1) Sample, (2) cathode, (3) insulator, (4) anode cell body,
(5) quartz window. Reprinted from Ref. [21] with permission of Elsevier Science.

atoms and ions in the ground state, and no excited The two-dimensional profiles of the other levels are,
levels), but the results of both models concerning therefore, not presented here. Again, we have
the sputtered ground state atom densities (when bothmeasured two-dimensional density profiles of sput-
models deal with copper) are exactly the same. This tered tantalum ground state ions by laser induced
suggests that the present model will also yield realistic fluorescence [75] and the results were also in good
results. Moreover, Hoffmann et al. measured lateral agreement with the calculation results for tantalum
distributions (end-on observation) of emission line ions, which suggests that the present results will
intensities of sputtered atoms in the same cell geome- also be reliable.

try as used for the model, and they obtained a para-

bolic profile with the maximum at the cell axis if the 3.1.3. Cu atom, Ciand C'f* ion densities at the
atoms were distributed homogeneously over the maximum

sample surface [76]. This characteristic parabolic  The values at the maximum of the profiles, for all
profile is also found back in our calculations of the Cu atom and Cliion levels and for the Cii ions, are
sputtered atom excited levels (which give rise to the depicted in Fig. 8 (solid line, left axis). As was shown

emission line profiles). already in Fig. 6, the Cu atom ground state<1) has
a population of about & 10* cm™ at its maximum.
3.1.2. Cu ion two-dimensional density profile This is about two orders of magnitude higher than the

The two-dimensional population density of theCu  population of the two lowest excited levels (i.e., the
ion ground staten(= 9) is illustrated in Fig. 7. The  3d° 45’ levels;n = 2 and 3), which have a maximum
density reaches a maximum at about 2 mm from the density in the order of 18cm ™3 The latter is still
cathode (i.e., in the beginning of the negative glow clearly higher than the other excited levels. Indeed,
region, see Ref. [21]) and decreases also further in thethe two 3d 4’ levels are metastable levels, i.e., they
cell. A detail of the profile close to the cathode, is cannot decay to the ground state by emission of radia-
again presented in the expanded view. This population tion, which explains their relatively high density. The
profile is also characteristic for the profiles of the 3d'%4p levels o= 4 and 5) have a maximum popula-
excited CU ion levels and the Cii ions; only the  tion density of 3 and & 10 cm 2 (for the Py, and
absolute values are lower, as will be shown in Fig. 8. 2Py, levels, respectively). This relative ratio of both
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Fig. 6. Two-dimensional density profile of the Cu atom ground state throughout the discharge. The cathode of theeelisrat the anode
cell body is represented by the other borders of the figure, as well as by the gray rectangles-fiotm 1.3 cm. Included is also an expanded

view of the region close to the cathode

levels is in excellent agreement with their statistical
weights. From Fig. 8 follows that the higher excited
levels have still lower population densities, as is
explained by the increasing excitation energy of
these levels (see dashed line, right axis). Lavet

6 (i.e., the 3d 4s 4p quadruplet levels) is an effective
level in the model. The populations of the individual
levels belonging to this effective level were calculated
from the ratio of their statistical weights to the total
statistical weight; they vary between>4 10° cm™3
(e.g., for*Py, and*Dy,; g = 2) and 2x 10°cm™
(for *Fg; g = 10). This ‘population range’ is indi-
cated in Fig. 8. The 3d5s level o = 7) has a popula-
tion density of ca. % 10° cm 2 at the maximum of its
profile. This is slightly lower than for the quadruplet
(n = 6) levels, which is attributed to the slightly

3

10" cm 3 for 5p 2Py, (g = 2), ca. 7x 10’ cm 3 for 5p
2p,,, and for 4d?Dg, and ca. 18¢cm 2 for 4d ?Ds),

(g = 6), as is presented in Fig. 8. In general, the
decreasing trend as a function of level humber and
the logarithmic scale demonstrate that by far most
of the Cu atoms are found in the ground state at
these glow discharge conditions.

The Cu'" ion ground stater(= 9) has a maximum
density of about X 10" cm™3, as appeared also from
Fig. 7. This is about two orders of magnitude lower
than the Cu atom density, which indicates that the
ionization degree of the sputtered Cu atoms is in the
percent order at the present discharge conditions. The
3d” 4s levels ff = 10 and 11) have only a slightly
lower population density, i.e., ranging fromx310™
to 8 x 10" cm™* for the ®D; 5 levels (according to

higher excitation energy and (compared to some but their statistical weight) and about 610" cm ™2 for

not all of the quadruplet levels) to the lower statistical
weight. Then = 8 level is again an effective level. The
individual level populations were again calculated
based on their statistical weights; they are ca.»3.5

the'D, level. Indeed, it is assumed in our model that
the 3d 4s levels can also directly be formed by ioni-

zation of the Cu atoms (by electron impact and
Penning ionization; see above), and they are not
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Fig. 7. Two-dimensional density profile of the Cion ground state throughout the discharge. The cathode of the cell is @tan, the anode
cell body is represented by the other borders of the figure, as well as by the gray rectangles-féoim 1.3 cm. Included is also an expanded
view of the region close to the cathode

able to decay to the Clion ground state by emission The population densities of the 3&s levels are
of radiation (metastable levels). The other excited again about two orders of magnitude lower (i.e. 2—
Cu” ion levels are not metastable, and this is reflected 5 x 10°cm™), due to the clearly higher excitation
in their much lower population density. The density of energies.

the 3d 4p 3P, level (0 = 12) is, however, still rather Finally, the Cd" ion density o = 16) was calcu-
high, because it follows from the model that it is very lated to be 3.4x 10°cm™® at the maximum of its
efficiently created by asymmetric charge transfer of profile, as appears from Fig. 8. It should be mentioned
Cu atoms with Ar ions (see above, and also Table 2). that this value represents the total “Ction density
This high density can indeed explain the anomalously (i.e., the sum of all levels). The ratio of €uto Cu*
high intensity of the 224.7 nm line originating from  density is hence about I8 which is the same as for
this level, as was observed for typical GD-OES the ratio of Cu ion to Cu atom density.

discharge conditions by Steers et al. [19]. The other In order to investigate whether the excited Cu atom
3d” 4p levels have clearly lower population densities, and Cu" ion levels are populated according to the

ranging from 16 cm 3to 9x 10° cm 3 for then= 13 Boltzmann distribution, we have also plotted the
levels (depending on the statistical weights), and density per statistical weight of the various levels as
about 6x 10°cm 2 for the 3d 4p P, level (h = a function of excitation energy. The result is shown in
14). The latter population density is a factor of three Fig. 9. For the Cu atoms, a more or less straight line
higher than the corresponding values for the- 13 can be observed, although the'3dp levels E =
levels with the same statistical weight (e.g., fiig 3.8 eV) seem to be somewhat overpopulated and the

level), which is attributed to the efficient electron 3d'°5s level is clearly underpopulated. The reason for
impact excitation from the Cuion ground state.  this is clear: the 3t 4p levels are very efficiently
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Fig. 8. Level populations at the maximum of their profiles for the various Cu atom ahib@levels and for the Cii ions (solid line, left axis),
as well as their excitation energy (dashed line, right axis).

populated by electron impact excitation from the integrated over the entire three-dimensional discharge
ground state, whereas the latter process is absent forregion, are shown in Table 2. It should be mentioned
the 3d°5s level (optically forbidden transition, hence that only those processes for which a contributizn
low probability for electron impact excitation). 0.1% was calculated, are included in the table,
For the CU ions, no straight line can be detected, because the other processes can be considered negli-
illustrating that the Cli ion excited levels are not gible. Moreover, diffusion and/or migration towards
Boltzmann distributed. Indeed, the €8d° 4s levels the walls (where de-excitation and/or neutralization
(E=10.5-11 eV) are somewhat overpopulated, since can occur) can also account for loss of the Cu species.
they can be formed by Penning ionization and electron This is, however, not included in the table, because it
impact ionization, and they cannot decay to the is difficult to assign a number for it. However, it
ground state by emission of radiation (metastable should be mentioned that this can be an important
levels). Moreover, the Cu3d® 4p 3P, level is also loss mechanism for all Cu species (except for the
clearly overpopulated, due to the very selective asym- Cu atoms in the ground state).
metric charge transfer ionization to this level (see
above, and see below). Hence, it can be concluded3.2.1. Cu atoms
that due to the possibility of Penning ionization and It appears that the Cu ground state atoms are predo-
asymmetric charge transfer to some“Gon levels, minantly populated by sputtering at the cathode,
and due to the impossibility of radiative decay from which is the only real source of Cu species in the
the metastable levels, significant deviation from the glow discharge. Depopulation of this level is mainly
Boltzmann equilibrium occurs, and hence, the glow given by ionization (especially Penning ionization and
discharge is not in local thermodynamic equilibrium asymmetric charge transfer) and also by excitation to

(LTE). higher levels (in particular the 384p levels,n = 4
and 5, as was expected from the cross section curves
3.2. Populating and depopulating processes in Fig. 2).

Concerning the 344s’ Cu atom metastable levels
Beside the populations of the various levels, the (n = 2 and 3), it follows that the most important
model gives also information about the relative production and loss processes are given by electron
importance of the different populating and depopulat- impact excitation and de-excitation to the other 3d
ing processes taken into account in the model. The 45’ level (from 2 to 3 and vice versa). Hence, these
relative contributions (in %) of the various processes, levels are strongly coupled to each other, which is not
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Fig. 9. Level populations at the maximum of their profiles, divided by the statistical weight, for the various Cu atom'and @vels, as a
function of their excitation energy.

unexpected, due to the small energy gap (0.253 eV). over, the most significant loss occurs also by radiative
Beside these coupling processes, the4dlevels are  decay to the Cu atom ground state and 8sf meta-
also populated by electron impact excitation from the stable levels.
Cu atom ground staten(= 1) and by radiative decay For the 3d° 5s level = 7), electron impact exci-
from the 3d°4p levels o = 4 and 5). Depopulation of  tation from the Cu atom ground state was not incor-
these levels occurs also by electron impact de-excita- porated, because the cross section was not available
tion to the ground state. and it is anticipated that this process is of minor

The 3d° 4p levels i = 4 and 5) are also strongly  importance for an optically forbidden transition.
coupled (the energy gap is even smaller). This strong Production of this level is, however, mainly caused
coupling was already anticipated; therefore, excita- by radiative decay (and also electron impact de-exci-
tion and de-excitation between these levels were not tation) from the 3¢’ 5p levels (belonging ta= 8), as
incorporated in the model, because both processes aravell as by electron impact excitation from the'3dp
equally important (due to the small energy gap) and levels f = 4 and 5). Radiative decay to these latter
they will not perturb the level populations, the ratio of levels is the dominant loss mechanism.
which is determined only by their statistical weights. The n = 8 effective level is again almost exclu-
Beside this coupling, which is hence not incorporated sively populated by electron impact excitation from
in the table, the 3t 4p levels are predominantly the ground state, although electron—Cion three-
populated by electron impact excitation from the Cu body recombination has also a minor contribution.
atom ground state, whereas loss of these levels occursDepopulation of these levels occurs by radiative
mainly by radiative decay to the Cu atom ground state decay to lower levels, especially to the'3dp levels
(n=1) and to the 3845’ metastable levelsi=2and  (n= 4 and 5).
3).

A similar story holds for the 3t4s 4p quadruplet ~ 3.2.2. Cu ions
levels f = 6). The dominant production process is The Cu ion ground stater(= 9) is mainly created
also given by electron impact excitation from the Cu by Penning ionization, and to a lesser extent by elec-
atom ground staten(= 1), although electron impact tron impact ionization and electron impact de-excita-
excitation from the 344’ metastable levelsn(= 2 tion from the 3d 4s metastable levela & 10 and 11).
and 3; stepwise excitation) is not negligible. More- Loss of this level is caused by electron impact excita-
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tion to higher levels (especially the 3dp 'P; level,
n= 14), as well as by electron—ion three body recom-
bination to Cu atoms and electron impact ionization to
Cu** ions.

The 3d 4s metastable levels 1= 10 and 11) are
also predominantly formed by Penning ionization,
although for leveln = 10, radiative decay from =
12 is a significant production process as well. Indeed,
as appeared from Fig. 8, the3¢p >P, level (n = 12)
has a rather high population density, and it decays
quite efficiently by emission of radiation to the 3d
4s °D4 level (the Einstein transition probability is
about 3x 10%s™Y). This line is indeed found to be
particularly intense in glow discharges at the condi-
tions under investigation [19]. Loss of the %3ds
levels occurs mainly by electron impact de-excitation
to the Cu’ ion ground state.

As mentioned before, the 3ds®P, level (n = 12)
is almost exclusively populated by asymmetric charge
transfer, whereas the dominant loss of this level is
given by radiative decay to the 3dis metastable
levels f = 10 and 11; especially via the 224.7 nm
line).

The other 3d 4p levels are predominantly formed
by electron impact excitation from the 3ds meta-
stable levelsif = 10 and 11) and also from the Cu
ion ground stater(= 9). The latter is especially true
for the 3d 4p P, level (h = 14). Depopulation of
these levels is caused by radiative decay to thé 3d
4s levels f = 10 and 11) and, for the 3d4p ‘P,
level, to the Cd ion ground state.

For the 3d 5s levels i = 15), electron impact
excitation from the Ctiion ground state is not incor-
porated in the model, since the cross section is
unknown and it is expected to be quite low anyhow
for an optically forbidden transition. The most impor-
tant production process was found to be electron—
Cu** ion three-body recombination, which is indeed
more effective than electron—Cuecombination (see
above). Radiative decay to the®#b levels i = 12,

13 and 14) is the responsible loss mechanism.

3.2.3. C4d" ions

Finally, the Cd" ions are formed by electron
impact ionization. Although the cross section for
double ionization from the Cu atoms is clearly
lower than for ionization from the Cuions, it is
still the most significant production process, due to
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the higher Cu atom density. Nevertheless, ionization
from the Cu’ ion ground staten(= 9) and metastable
levels fi= 10 and 11) play also a non-negligible role.
Destruction of the Cti" ions seems to be solely deter-
mined by electron—Ci ion three-body recombina-
tion, which was the only loss mechanism incorporated
in the model.

4. Conclusion

A collisional-radiative model has been developed
for the sputtered Cu atoms and corresponding Cu
and CU#" ions in an argon glow discharge, at typical
conditions used for GD-OES. The model consists of 8
Cu atom levels, 7 Cliion levels, and the Cii ion
species. Electron, Ar and Cu atom impact excitation
and de-excitation between the various levels are taken
into account, as well as radiative decay between the
levels, electron impact ionization and electron—ion
three-body recombination. Moreover, Penning ioniza-
tion with Ar metastable atoms and asymmetric charge
transfer with Ar ions are taken into account as addi-
tional ionization processes.

The populations of the various levels were calcu-
lated in two dimensions (cylindrically symmetrical
cell). Both the Cu atoms and Cuons occur mainly
in the ground state, and the level populations of
excited levels decreases over many orders of magni-
tude with increasing excitation energy. The ratio of
Cu" ion to Cu atom density and of Gliion to Cu"
ion Slensity were both estimated to be in the order of
107~

The relative contributions of the various populating
and depopulating processes for all levels were deter-
mined. Sputtering from the cathode is the dominant
production process for the Cu atoms in the ground
state, whereas depopulation is caused by ionization
(especially Penning ionization and asymmetric charge
transfer) and excitation to Cu atom excited levels.
These Cu atom excited levels are mainly formed by
electron impact excitation from the Cu atom ground
state and by radiative decay from higher excited
levels. The latter process (radiative decay to lower
levels) is also responsible for the majority of loss
from these levels. The Cuions, both in the ground
state and in the 3d4s metastable levels are predomi-
nantly formed by Penning ionization. Loss of the Cu
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ion ground state occurs by electron impact excitation
to higher levels, as well as by electron impact ioniza-
tion and electron—ion three-body recombination. The
Cu" ion metastable levels are mainly depopulated by
electron impact de-excitation to the ground state. The
Cu’ 3d° 4p 3P, level is almost exclusively created by
asymmetric charge transfer, whereas the othérgd
levels are formed by electron impact excitation from
the Cu" 3d” 4s metastable levels and from the Cu
ground state. Production of the %38k levels occurs by
electron—Cd@" ion three-body recombination. All
these CU ion levels are depopulated by radiative
decay to the lower levels. Finally, it was calculated
that the Cd" ions are mainly formed by double elec-
tron impact ionization from Cu atoms and that they
are lost by electron—ion three-body recombination.
From the above discussion, it follows that radiative
decay is the most important loss mechanism for the
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