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Abstract

The behavior of the sputtered copper atoms and ions, both in the ground state and in excited levels, is modeled
with a collisional]radiative model and two Monte Carlo models. The models are applied to a glow discharge

Ž . Ž .operated in either the direct current dc or the radio-frequency rf mode, at similar conditions of gas pressure and
Ž .electrical power i.e. 5 torr and approx. 38 W . Typical results of the model are the level populations of all copper

atomic and ionic levels, the relative contributions of various populating and depopulating processes, as well as the
optical emission intensities of copper atomic and ionic lines. These results will be presented and compared for both
operation modes. Q 2000 Elsevier Science B.V. All rights reserved.

Keywords: Glow discharge; Direct current; Radio-frequency; Argon; Copper; Collisional]radiative model; Sputter-
ing; Optical emission spectrometry

1. Introduction

w xIn a previous paper 1 a model has been pre-
sented for the argon atoms in various excited
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levels in a glow discharge operated in the direct
Ž . Ž .current dc and in the radio-frequency rf mode.

Moreover, in recent years we have also developed
a number of models for the electrons, argon ions
Ž q q 2q.Ar , Ar and Ar , fast argon atoms, and2
sputtered copper atoms and ions in a dc glow

Ž w xdischarge see refs 1]9 in Bogaerts and Gijbels
w x.1 , and for the electrons, argon ions and fast

Ž w xargon atoms in an rf discharge see refs 10,11 in

0584-8547r00r$ - see front matter Q 2000 Elsevier Science B.V. All rights reserved.
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w x.Bogaerts and Gijbels 1 . In order to close the
loop of the models and to obtain a complete
picture of the rf discharge, the present paper
therefore treats the model describing the copper
species in the rf discharge. Moreover, a compar-
ison will be made between the rf and dc dis-
charges, at similar values of pressure and electri-
cal power and, where possible, these comparisons
will be checked with experimental observations.

2. Description of the model

The present model for the copper species fits in
a global modeling network, consisting of Monte
Carlo models, fluid models and collisional]radia-
tive models to describe the behavior of electrons,
argon ions, fast argon atoms, argon atoms in
various excited levels, and copper atoms and ions,
in order to obtain an overall picture of the argon
glow discharge with copper cathode. More details

w xabout these models are given, e.g. in refs 1]9 of
w xBogaerts and Gijbels 1 , and will not be repeated

here. The present paper deals only with the mod-
els describing the copper species.

Three different models treat different aspects
of the copper species. The sputtering of copper
atoms at the rf-electrode or cathode is calculated
based on the flux energy distributions of the

Žargon ions, fast argon atoms and copper ions see
.below at the electrode, multiplied with an empir-

ical formula for the sputtering yield as a function
Ž w x.of the bombarding energy see e.g. 2 . The atoms

are sputtered with energies in the order of 5]10
eV. They lose this energy very rapidly by colli-
sions with the argon gas atoms, until they are
thermalized. Since this thermalization processes
is considered to be very fast, it is assumed to be
finished before the copper atoms can start to
diffuse or become ionized or excited. Therefore,
this process is separated in time from the further
behavior of the copper atoms, and it is treated

Žwith a Monte Carlo model for more information,
w x.see Bogaerts et al. 3 . Output of this model is a

so-called ‘thermalization profile’, i.e. the number
of thermalized atoms as a function of position,
which is used as input in the next model.

Once the copper atoms are thermalized, they
start to move by diffusion. Moreover, they can
become ionized or excited. This behavior of the

Ž .copper atoms diffusion, ionization, excitation , as
well as the behavior of the created copper ions,
and atoms and ions in excited levels, is described
with a collisional]radiati¤e model. Eight copper
atomic and seven copper ionic levels are con-
sidered in this model, as well as the Cu2q ions.
Some of these levels are individual levels, whereas
others are ‘effective levels’, i.e. a group of individ-
ual levels with similar excitation energy and quan-
tum numbers. A schematic picture of the energy

w xlevel scheme is presented in Fig. 1 4 . The levels
taken into account in our model are depicted with
black lines, and they are numbered with an effec-
tive level number, at the left side. The levels
indicated in gray are not described in our model,
because they have lower populations and do not
give rise to intense lines in the optical emission
spectrum, andror because the necessary cross
sections to calculate their level populations are
not available. More information about the levels

Žtaken into account e.g. statistical weights and
.excitation energy are presented in Bogaerts et al.

w x4 .
The populating and depopulating processes for

the various levels taken into account in this model
are the following collisional and radiative

Žprocesses this is where the characteristic name
.comes from :

1. Electron impact excitation and de-excitation
Žbetween the levels both for the copper atoms

.and ions .
2. Electron impact ionization from the Cu0

atoms to the Cuq ions, and from the Cuq

ions to the Cu2q ions.
3. Three-body recombination where the third

body is an electron, from the Cu2q ions to
the highest Cuq level, and from the Cuq ions
to the highest Cu0 level.

4. Electron impact ionization from the Cu0

atoms to the Cu2q ions.
5. Excitation and de-excitation between copper

atom levels, due to collisions with argon gas
Žatoms or copper ground state atoms since
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Ž .Fig. 1. Energy level scheme of the copper atoms and ions, with the effective level number left and the designation according to
Ž . w xMoore right of the levels . The levels drawn in black are taken into account in our model. Reprinted from Bogaerts et al. 4 with

permission of Elsevier Science Inc.

the argon and copper atoms have thermal
energy, excitation will only occur between two

.closely lying levels .
6. Penning ionization of copper atoms, due to

collisions with argon metastable atoms.
7. Asymmetric charge transfer with argon ions

Ž 0 q q 0.Cu qAr ªCu qAr .
8. Radiative decay between all copper atomic

and ionic levels. When this decay occurs to
the copper atomic ground state, a fraction of

the emitted radiation can be reabsorbed, so
that only a small fraction, defined by the
‘escape factor’ can escape. More information
about this ‘radiation trapping’ is given in

w xBogaerts et al. 4 . It should be mentioned
that radiation trapping was found to be not
important for transitions to other levels than
the copper atomic ground state, due to their
lower populations.

9. Finally, the most important production
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process for the copper atoms in the ground
state is the sputtering from the rf-electroder
cathode. This production term is given as

Žsputtering flux calculated as the product of
the flux energy distributions of the bombard-
ing plasma species and an empirical formula
for the sputtering yield as a function of bom-

.barding energy, see above , multiplied with
Ž .the thermalization profile see above .

The level populations of the eight copper atomic
and the seven Cuq ionic levels, as well as the
Cu2q ions, are calculated with a set of balance
equations, incorporating all the above mentioned
populating and depopulating processes:

Ž .n z ,ra- i Ž .q=?J z ,ra- it

Ž . Ž .sR z ,r yR z ,rpop,a- i depop,a- i

where n and J are the densities and fluxes ofa- i a- i
Ž . Ž .all atomic a and ionic i levels, and R andpop,a- i

R comprise all populating and depopulat-depop,a- i
Ž .ing processes of levels a and i see above , all as a

Ž . Ž .function of axial z and radial r direction, in a
cylindrically symmetrical glow discharge cell.
Transport occurs by diffusion for the atomic lev-
els, and by diffusion and migration for the ionic
levels:

Ž . Ž .J z ,r syD=n z ,ra a

Ž . Ž .J z ,r syD=n z ,ri i

Ž . Ž .ymn z ,r =V z ,ri

Žwhere D and m are the diffusion coefficient the
.same for the atoms and ions and mobility,

respectively.
Since the populations of the various levels are

affected by the populations of the other levels
due to excitation, de-excitation, ionization,
recombination and radiative decay processes, the
16 balance equations are coupled and solved si-
multaneously until convergence is reached. More

Žinformation about this model e.g. cross sections,

.transition probabilities, etc. can be found in
w xBogaerts et al. 4 .

Finally, in order to calculate the flux energy
distribution of the copper ions bombarding the
rf-electrodercathode, which is necessary to calcu-

Ž .late the sputtering flux see above , the copper
ions are also followed in the sheath adjacent to
this electrode with a Monte Carlo model. The ions
enter the sheath from the bulk plasma,
determined by their flux, calculated in the above
collisional]radiative model. Moreover, they can
be created in the sheath due to ionization colli-
sions, which is also calculated in the collisional]
radiative model. On their way towards the rf-elec-
trodercathode, they can collide with argon gas
atoms, changing their energy and direction. How-
ever, in practice most of the copper ions will be
directed towards the electrode by the electric
field, and they will arrive at the electrode with

Ž .rather high energy see below .
The three models described above are coupled

to each other and to the models describing the
other plasma species, due to the interaction
processes between the species, and they are solved
iteratively until final convergence is reached. A
flowchart of how the models are coupled is pre-
sented in Fig. 2.

3. Results and discussion

3.1. Cell geometry and discharge conditions

The cell geometry assumed in the model is a
simple cylinder, with length equal to 2 cm and
diameter equal to 4 mm. The rf-powered elec-

Ž .trode or cathode sample is found at one end of
the cylinder, whereas the other end of the cylin-
der, as well as the side walls, are grounded. This
is a simplification of a Grimm-type geometry with
anode diameter of 4 mm. Indeed, the Grimm cell
is typically longer and becomes wider at longer
distances from the sample. However, the plasma
is most intense only in the first centimeters from
the electrode. Hence, the cell geometry being
studied is a good approximation of the real
Grimm-type geometry.
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Fig. 2. Flowchart of the entire modeling network.

The discharge conditions under investigation
w xare based on measurements by Hoffmann 5 for

a Grimm-type cell with 4-mm anode diameter, i.e.
an argon gas pressure of 5 torr and an electrical
power in the order of 38 W, for both the rf and dc

Žmode more exactly 37 W for the rf, and 38 W for
.the dc mode . This corresponded, according to his

measurements, to a dc voltage and current of
1000 V and 38 mA, and rf voltages of 680 V
Ž . Ž .rf-amplitude and y569 V dc-bias . In our

model, we can calculate the electrical parameters
in a self-consistent way, which is used as the
primary check for validity of the model. In the dc
case, we calculated, at a gas pressure of 5 torr, a
gas temperature of 1100 K and a dc voltage of

Ž .1000 V all used as input , an electrical current of
38.5 mA, and hence a power of 38.5 W, which is
in excellent agreement with the experimental
observations. In the rf model, the electrical power
is used as input value. For a power of 37 W, and a
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gas pressure and temperature of 5 torr and 1100
ŽK, we calculated rf voltages of 769 V rf-ampli-

. Ž .tude and y519 V dc-bias . Hence, the calcu-
lated rf-amplitude was somewhat too high, and
the dc-bias was calculated a bit too low, but the
values are still in the correct order of magnitude,
and what is more important, lower voltages were
predicted in the rf case than in the dc case, for
the same power level. This is not a straightfor-
ward result, because in an earlier version of our

Žrf-model, the opposite trend was predicted see
w x.the discussion in Bogaerts et al. 6 . Hence, we

were already very satisfied with the present corre-
lation between model and experiment, especially
because the uncertainties in the modeling results
may be considerable, e.g. due to some uncertain-
ties in various input parameters such as cross
sections. A picture illustrating the calculated and

Žmeasured voltages in the rf case as a function of
.time in the rf-cycle and in the dc-case, as well as

the electrical current and power, was presented in
w xBogaerts and Gijbels 1 .

Besides measuring the electrical parameters,
Hoffmann also performed some measurements
on the erosion rates and emission intensities for
the above discharge conditions. He found that the
erosion rate was approximately 1 mm in 8 s in the

Ž .rf discharge, and slightly lower i.e. 1 mm in 9 s
in the dc discharge. Also the emission intensities

Ž .of analyte lines of Si, Ni and Cu were found to
be approximately 10% lower in the dc discharge
compared to the rf discharge. These data will be
used later in this paper to check our modeling
results.

3.2. Sputtering at the rf-electrode or cathode

As mentioned before, the sputtering flux is
calculated based on the product of the sputtering
yield as a function of the bombarding energy
Ž .calculated with an empirical formula and the
flux energy distributions of the argon ions, fast
argon atoms and copper ions bombarding the
rf-electrode or cathode. Complete flux energy dis-

Žtributions of these species in both the rf mode as
.a function of time and the dc mode are not

presented here, but instead, the fluxes and mean
energies of the three kinds of species are illus-

trated in Fig. 3, both in the rf and dc mode. For
simplicity, the fluxes are given as positive values,
but it should be mentioned that they are all
directed towards the rf-electrodercathode. They

Ž .are depicted with solid lines left axis whereas
the dashed lines represent the mean energies
Ž . Žright axis . Moreover, the rf results as a function

.of time are shown with black curves, whereas the
Ž .dc results constant in time are presented with

q Ž .gray lines. The rf Ar ion flux Fig. 3a is in the

Ž . ŽFig. 3. Fluxes solid lines; left axes and mean energies dashed
. Ž . Ž .lines; right axes of the argon ions a , fast argon atoms b ,
Ž .and copper ions c bombarding the rf-electrode or cathode, in

Ž .the rf and dc discharge, black and gray curves, respectively ,
Ž .at the conditions of 5 torr, 37 W, 769 V rf-amplitude and

Ž .y519 V dc-bias for the rf-case; and 38.5 W and 1000 V, for
the dc case.
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order of 4]8=1018 sy1. It appears to reach a
minimum around v ts0s2p and a maximum
around v tspr2. The Arq ion energy in the rf
mode varies between 40 eV around v tsp]3pr2
and 70 eV at approximately v ts0 and slightly
later. The dc ion flux appears to be slightly lower
Ž 18 y1.i.e. approx. 3=10 s but the ion energy is

Ž .found to be higher approx. 130 eV . This is like
expected because, for the same power and pres-
sure values, the dc discharge is characterized by a

Žhigher voltage which gives rise to higher ener-
. Žgies and hence a lower current yielding a lower

.ion flux .
A similar picture is also found for the fast Ar

Ž 0 . q Ž .atoms Ar ; Fig. 3b and the Cu ions Fig. 3c .f
Indeed, the dc flux is typically somewhat lower
and the dc mean energy somewhat higher than
the corresponding rf values, i.e. for the Ar0 atoms:f
J ;8=1019 sy1 ; J s4=1019 sy1 ; E ;20]30rf dc rf
eV; E ;30 eV; and for the Cuq ions: J ;8=dc rf
1017 ]1.2=1018 sy1 ; J ;7=1017 sy1 ; E ;dc rf
250]500 eV; E ;550 eV. Looking at the timedc
evolution in the rf case, it follows that the Ar 0

f
atoms reach more or less a maximum flux and
energy between v ts0 and pr2, and a minimum
flux and energy around v tsp and between v ts
p and 3pr2, respectively. Similarly, the flux and
energy of the Cuq ions both reach a maximum
around v ts0, and a minimum between v tsp
and 3pr2. However, the time variations are in
general rather small.

The sputtering yield of copper atoms, calcu-
lated with the empirical formula of Matsunami et

w xal. 7 , is illustrated in Fig. 4, as a function of the
bombarding energy of argon and copper species.
It follows that the sputtering yield increases at
higher energy, for the energy range of interest to
us, with a threshold approximately 20 eV. More-
over, it is slightly higher for copper bombardment
than for argon bombardment, due to the higher
mass of the copper species.

Ž .Taking into account that i the sputtering ef-
ficiency increases at higher bombarding energy;
Ž .ii the number of sputtered atoms is proportional

Ž .to the number and hence, the flux of incoming
Ž .particles; and iii the fast argon atoms are mainly

Ž .responsible for the sputtering see below , it is
expected, based on Fig. 3, that the sputtering flux

Fig. 4. Sputtering yield of copper atoms as a function of the
bombarding energy for argon species bombardment and cop-
per bombardment, calculated with the empirical formula of

w xMatsunami et al. 7 .

is somewhat higher between v ts0 and pr2, and
reaches a minimum between v tsp and 2p. This
is indeed illustrated in Fig. 5, which shows the
calculated ‘net’ sputtering fluxes, as a function of
time in the rf-cycle, for the rf discharge, and also

Ž .for the dc discharge constant in time . The sput-
tering flux is calculated to vary between 2 and

17 y1 Ž .4=10 s hence a variation of a factor of two
for the rf mode, and is in the order of 2=1017

sy1 for the dc discharge. The fact that the sput-
tering flux is calculated to be somewhat lower in

Žthe dc mode for comparison: the time-averaged
rf sputtering flux was found to be approx. 2.7=

17 y1.10 s tells us that the lower flux plays a more
important role in determining the amount of
sputtering than the higher bombarding energy
Ž .see Fig. 3 .

It should be mentioned that the ‘net’ sputtering
flux is obtained from the sputtering flux minus

Žthe redeposition flux. Indeed, a large fraction in
the order of 60]70%, similar in both the dc and

.the rf mode of the sputtered atoms will diffuse
back towards the cathode and will be redeposited.
Hence, it is the net sputtering flux which gives

w xrise to the erosion rate, by 8 :

M
ERsJsput,net N rA

Ž y1 .where ER is the erosion rate in cm s , Jsput,net
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Fig. 5. Calculated net sputtering flux of the copper atoms, in
Žthe rf discharge as a function of time in the rf-cycle: black

solid line; as well as the time-averaged value: black dashed
. Ž .line and in the dc discharge constant in time; gray curve , for

the same conditions as in Fig. 3.

Ž y2 y1.is the net sputtering flux in cm s , M and r
Ž y1 .are the atomic weight in g mol and density of

Ž y3 w x.the sample material r s8.92 g cm 9 , andCu
N is Avogadro’s number.A

Averaged over time in the rf-cycle, the net
sputtering flux is approximately 2.7=1017 sy1

Ž .see Fig. 5 which means over the entire electrode
area. For an anode diameter of 4 mm, the elec-
trode area is approximately 0.126 cm2. Hence, the
net sputtering flux is approximately 2.1=1018

cmy2 sy1, which corresponds to an erosion rate
of approximately 0.253 mm sy1. Experimentally, a

w xvalue of 1mm in 8 s was measured 5 . Therefore,
Ž .our calculated value i.e. approx. 2.0 mm in 8 s is

a little bit higher, but still in the correct order of
magnitude. In the dc case, the net sputtering flux,
divided by the cathode area was approximately
1.6=1018 cmy2 sy1. This corresponds to an ero-
sion rate of approximately 0.19 mm sy1. The
experimental value was 1 mm in 9 s; hence our

Ž .predicted value i.e. approx. 1.7 mm in 9 s is
again slightly higher. It can be concluded that,
although both calculated values are somewhat
higher than the corresponding experimental data,
the calculated relative difference between rf and
dc erosion rates is in reasonable agreement with
the experimental observations.

Finally, the relative contributions to the sput-
tering of the different plasma species bombarding
the electrode are calculated. From the fluxes in
Fig. 3 it could be deduced already that the fast

Fig. 6. Calculated two-dimensional thermalization profiles of the copper atoms, as number of atoms thermalized per cm3,
Ž . Ž . Ž .normalized to one sputtered atom, a in the rf discharge constant in time and b in the dc discharge, for the same conditions as

in Fig. 3. Only the first 4 mm from the rf-electrodercathode are shown.
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argon atoms play the dominant role in the sput-
tering process, both in the rf and dc mode, with a

Ž .relative contribution of 69.5% rf and 68.8%
Ž .dc . However, since the bombarding energy is
also important to determine the amount of sput-
tering, the argon and copper ions play also a
non-negligible role in the sputtering process, in
spite of their lower fluxes. Their contributions

Ž .were calculated to be approximately 18.3% rf
Ž .and 19% dc for the argon ions, and approxi-

mately 12.2% in both operation modes for the
Ž .copper ions called ‘self-sputtering’ .

3.3. Thermalization profiles

Fig. 6 shows the calculated two-dimensional
thermalization profiles of the sputtered copper

Žatoms, both in the rf discharge found to be
.constant in time and in the dc discharge. Only

the first 4 mm from the rf-electrodercathode are
represented, because nearly all atoms are ther-
malized in this region. It is clear that most sput-
tered atoms become thermalized very close to the

Ž .electrode in the order of fractions of 1 mm , and
only a very small fraction will become thermal-
ized at distances further than 1]2 mm from the
electrode. The thermalization profiles look very
similar for both the rf and dc mode. These ther-

malization profiles are used as input values for
the further calculation of the behavior of the
copper atoms.

3.4. Le¤el populations

The calculated two-dimensional density profiles
of the thermalized sputtered copper atoms in the
ground level are illustrated in Fig. 7, both in the

Ž .rf discharge again found to be constant in time
and in the dc discharge. Again only the first 4 mm
adjacent to the electrode are shown, because the
distances further away from the electrode do not
give additional information. In both cases, the
density reaches a maximum of approximately 5=
1014 cmy3 at less than 0.5 mm from the electrode.
The maximum density in the dc case seems to be
slightly higher than in the rf case, which is quite
unexpected since the erosion rate was found to be
slightly lower. However, as will be shown later,
the level populations of excited copper atoms are
somewhat higher in the rf case compared to the
dc case, and moreover, the density profile of the
rf copper atom ground state drops off more slowly
than the corresponding dc density. In general,
both density profiles look very similar to each
other.

Fig. 8 depicts the calculated two-dimensional

Ž . Ž .Fig. 7. Calculated two-dimensional density profiles of the thermalized copper atoms, a in the rf discharge constant in time and
Ž .b in the dc discharge, for the same conditions as in Fig. 3. Only the first 4 mm from the rf-electrodercathode are shown.
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q Ž . Ž . Ž .Fig. 8. Calculated two-dimensional density profiles of the Cu ions, a in the rf discharge constant in time and b in the dc
discharge, for the same conditions as in Fig. 3. Only the first 4 mm from the rf-electrodercathode are shown.

density profiles of the Cuq ions in the ground
Žlevel, both in the rf discharge again found to be

.constant in time and in the dc discharge. The
maximum densities are in the order of 4=1011

cmy3 at approximately 1 mm from the electrode
and are again quite similar for both the rf and dc
case. The dc Cuq ion density reaches its maxi-

mum a little bit further away from the cathode
and decreases more rapidly to lower values at the
cathode compared to the rf density, due to the
somewhat longer length of the dc cathode fall

Ž .sheath i.e. approx. 0.7 mm compared to the rf
Ž .sheath i.e. varying between 0 and 0.6 mm . Nev-

ertheless, the overall outlook of both the rf and

2q Ž . Ž . Ž .Fig. 9. Calculated two-dimensional density profiles of the Cu ions, a in the rf discharge constant in time and b in the dc
discharge, for the same conditions as in Fig. 3. Only the first 4 mm from the rf-electrodercathode are shown.
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dc Cuq ion densities is again very similar. By
comparing the absolute values of the Cuq ion
densities at their maximum with the copper atom
maximum density values, the ionization degree
could be estimated. It was found to be in the
order of 0.1%, for both the rf and dc case.

The two-dimensional Cu2q ion density profiles
calculated for both the rf and the dc case, are
presented in Fig. 9. Again the absolute values of

Ž 8the densities i.e. maximum of approx. 3]4=10
y3 .cm and the relative shapes are nearly identical

for both operation modes. Comparing the abso-
lute values of Fig. 9 with those of Fig. 8 gives us
the estimated ionization degree of Cuq to Cu2q.
It was found to be also in the order of 0.1%,
hence similar to the Cu0]Cuq ionization degree.

Since the two-dimensional density profiles of
the excited copper atoms and ions look very simi-
lar to the ground state copper atom and ion
density profiles, respectively, there is no need to
illustrate the two-dimensional level population
profiles of all excited levels here. However, Fig.
10 plots the level populations at the maximum of
their profiles, divided by their statistical weights,

Žagainst the level number i, for both the rf case at
four times in the rf-cycle, but the values are

.almost identical to each other; black lines and
Ž .the dc case gray lines . It should indeed be

mentioned that the populations are divided by the

statistical weight, in order to account for varia-
tions in level populations, simply as a result of
variations in statistical weights. It follows that the
excited copper atomic levels are systematically a
bit lower in the dc mode than in the rf mode.
However, the copper ionic levels are character-
ized by similar level populations in both operation
modes. Furthermore, it is seen that the popula-
tions of the excited levels generally decrease with
increasing level number, and hence increasing

Ž .excitation energy see right axis, dashed line ,
which is quite logical. However, the excited levels
were found to be not completely Boltzmann dis-

Ž w x.tributed see also Bogaerts et al. 4 , due to
overpopulations of metastable levels and rather
strong variations in excitation cross sections. Fi-
nally, the variations of rf and dc populations as a
function of level number are found to be identical
to each other.

3.5. Relati¤e contributions of ¤arious populating and
depopulating processes

Table 1 gives an overview of the relative con-
tributions of the most important production and
loss processes for several levels, in the rf dis-

Ž .charge at four times in the rf-cycle and in the dc
discharge. As mentioned before, the copper

Ž .ground state atoms is1 are almost exclusively

Fig. 10. Calculated level populations at the maximum of their profiles, divided by their statistical weights, as a function of the
Žeffective level number i, for the same conditions as in Fig. 3. The black lines represent the values in the rf discharge at four times

.in the rf-cycle , and the gray lines indicate the dc values. Also shown in the figure are the excitation energies of the excited levels
Ž .dashed line, right axis .
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Table 1
Ž .Relative contributions in % of the production and loss processes for the various levels

Level Process rf: pr2 rf: p rf: 3pr2 rf: 2p dc

0 10is1: Cu 3d 4s Production processes:
Sputtering 99.9 99.9 99.9 99.9 100
Electron impact de-excitation from 0.1 0.1 0.1 0.1 0.03

9 2 Ž .3d 4s metast

Loss processes:
Penning ionization 17.9 16.3 20.8 20.2 16.2
Electron impact ionization 12.0 10.4 7.7 8.2 10.8
Asymmetric charge transfer 0.1 0.1 0.1 0.1 0.1

9 2Electron impact excitation to 3d 4s 10.9 12.9 15.8 14.3 12.8
10Electron impact excitation to 3d 4p 52.2 53.4 49.5 50.0 53.2
10Electron impact excitation to 3d 4s4p 2.2 2.4 2.2 3.1 2.3
10Electron impact excitation to 3d 5pq4d 4.7 4.5 3.9 4.0 4.6

0 9 2is2: Cu 3d 4s Production processes:
0Electron impact excitation from Cu 80.1 79.4 76.9 80.3 91.9

ground state
Electron impact de-excitation from 19.8 20.6 23.0 19.6 8.1
higher 3d94s2

Loss processes:
9 2Electron impact excitation to higher 3d 4s 72.1 71.6 69.1 69.9 71.0

10Electron impact excitation to 3d 4p 2.0 2.0 2.1 2.0 2.0
10Electron impact excitation to 3d 4s4p 16.5 16.6 16.4 16.5 16.1
10Electron impact excitation to 3d 5s 0.4 0.5 0.6 0.6 0.5
10Electron impact excitation to 3d 5p and 4d 3.9 3.9 3.3 3.5 3.7

Electron impact ionization 5.0 5.4 8.5 7.3 6.5

0 10is4: Cu 3d 4p Production processes:
0Electron impact excitation from Cu 99.7 99.7 99.7 99.8 99.9

ground state
9 2Electron impact excitation from 3d 4s 0.3 0.3 0.3 0.2 0.1

Loss processes:
0Radiative decay to Cu ground state 51.7 51.6 48.8 45.9 60.9

9 2Radiative decay to 3d 4s 27.7 27.2 24.8 26.1 21.7
Electron impact excitation to higher levels 12.4 12.8 15.9 16.9 10.5
Electron impact de-excitation to lower levels 4.2 4.0 4.3 4.9 2.9
Electron impact ionization 4.0 4.4 6.1 6.2 3.8

0 9is6: Cu 3d 4s4p Production processes:
0Electron impact excitation from Cu 55.7 56.9 58.9 61.2 78.7

ground state
9 2Electron impact excitation from 3d 4s 44.2 43.1 41.0 38.8 21.3

Loss processes:
0Radiative decay to Cu ground state 47.6 47.3 45.9 42.4 52.7

9 2Radiative decay to 3d 4s 35.0 35.3 32.6 34.7 31.1
Electron impact ionization 10.2 11.0 16.0 16.2 11.0
Electron impact de-excitation to lower 7.1 6.4 5.5 6.6 4.8

9 2Ž .levels mainly 3d 4s
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Ž .Table 1 Continued

Level Process rf: pr2 rf: p rf: 3pr2 rf: 2p dc

0 10is8: Cu 3d 5p, 3d Production processes:
0Electron impact excitation from Cu 99.0 99.0 99.0 99.1 99.6

ground state
9 2Electron impact excitation from 3d 4s 1.0 1.0 1.0 0.9 0.4

Loss processes:
0Radiative decay to Cu ground state 2.5 2.5 2.6 2.4 3.1

9 2Radiative decay to 3d 4s 11.0 11.0 10.9 10.8 10.9
10Radiative decay to 3d 4p 74.9 75.0 74.3 73.9 74.3
10Radiative decay to 3d 5s 4.7 4.7 4.7 4.7 4.7

Electron impact ionization 3.1 3.0 3.4 3.7 3.1
Electron impact de-excitation to lower 3.8 3.7 4.1 4.5 3.9

10Ž .levels mainly 3d 5s

q 10is9: Cu 3d Production processes:
Ž .ground state Penning ionization 64.4 62.4 51.5 51.7 51.0

Electron impact ionization 35.4 37.4 48.2 48.0 48.6
q 9Radiative decay from Cu 3d 4p 0.2 0.2 0.2 0.3 0.3

Loss processes:
q 9Electron impact excitation to Cu 3d 4s 68.8 67.9 61.1 62.5 62.7
q 9Electron impact excitation to Cu 3d 4p 30.8 31.8 38.2 36.9 36.7

Electron impact ionization 0.3 0.3 0.7 0.6 0.5

q 9is10: Cu 3d 4s Production processes:
Penning ionization 81.7 81.2 70.1 73.6 73.6
Electron impact ionization 12.6 13.3 24.9 20.6 20.0

q 9Radiative decay from Cu 3d 4p 4.4 4.2 3.9 4.5 4.9
qElectron impact excitation from Cu 1.3 1.3 1.1 1.3 1.5

ground

Loss processes:
q 9Electron impact excitation to Cu 3d 4p 97.0 97.1 97.5 97.5 97.1
q 9Electron impact excitation to Cu 3d 5s 2.6 2.6 2.0 2.0 2.4

Electron impact ionization 0.3 0.3 0.5 0.5 0.5

q 9is12: Cu 3d 4p Production processes:
3Ž .P Asymmetric charge transfer 90.6 90.1 88.7 89.2 88.42

qElectron impact excitation from Cu 5.3 5.7 6.5 6.3 6.9
ground

qElectron impact excitation from Cu 4.0 4.2 4.7 4.4 4.6
93d 4s

q 9Radiative decay from Cu 3d 5s 0.1 -0.1 0.1 0.1 0.1

Loss processes:
q 9Radiative decay to Cu 3d 4s 99.8 99.8 99.8 99.8 99.8

qElectron impact de-excitation to Cu 0.1 0.1 0.1 0.1 0.1
93d 4s



( )A. Bogaerts, R. Gijbels r Spectrochimica Acta Part B: Atomic Spectroscopy 55 2000 279]297292

Ž .Table 1 Continued

Level Process rf: pr2 rf: p rf: 3pr2 rf: 2p dc

q 9is13: Cu 3d 4p Production processes:
qŽ .other Electron impact excitation from Cu ground 5.1 5.2 5.6 5.7 5.9
q 9Electron impact excitation from Cu 3d 4s 94.8 94.6 94.3 94.2 94.0

q 9Radiative decay from Cu 3d 5s 0.1 0.1 0.1 0.1 0.1

Loss processes:
q 9Radiative decay to Cu 3d 4s 99.7 99.7 99.7 99.7 99.6

q 9Electron impact excitation to Cu 3d 5s 0.1 0.1 0.1 0.1 0.1
q 9Electron impact de-excitation to Cu 3d 4s 0.2 0.2 0.2 0.2 0.3

q 9is15: Cu 3d 5s Production processes:
q 9Electron impact excitation from Cu 3d 4p 100 100 100 100 100

Loss processes:
q 9Radiative decay to Cu 3d 4p 99.5 99.5 99.5 99.5 99.4

q 9Electron impact de-excitation to Cu 3d 4p 0.4 0.4 0.4 0.4 0.5
Electron impact ionization 0.1 0.1 0.1 0.1 0.1

2qis16: Cu Production processes:
Electron impact ionization from Cu0 ground 74.0 82.3 86.4 75.9 90.3

qElectron impact ionization from Cu ground 9.8 7.3 6.4 10.8 4.7
q 9Electron impact ionization from Cu 3d 4s 15.8 10.2 7.0 12.9 4.9
q 9Electron impact ionization from Cu 3d 4p 0.4 0.2 0.2 0.3 0.1

Loss processes:
Electron]ion three-body recombination 100 100 100 100 100

formed by sputtering at the rf-electrode or cath-
ode, both in the rf and dc discharge. The most
important loss processes are electron impact exci-

Ž 10tation to higher levels primarily to the 3d 4p
9 2 .levels and the 3d 4s levels , as well as electron

impact ionization to Cuq and Penning ionization
by argon metastable atoms. The calculated rela-
tive contributions of the production and loss
processes are very similar for the rf and dc mode,
and do not vary significantly in time in the rf
mode. It appears that asymmetric charge transfer

Ž 0 q q 0.with argon ions i.e. Cu qAr ªCu qAr is
only of minor importance as an ionization process,
for the discharge conditions under investigation
and the Grimm-type cell with 4-mm anode diame-
ter. The reason is that the calculated copper atom
density reaches a maximum very close to the

Ž .electrode see Fig. 7 , and has dropped to low
values at approximately 0.1 cm, where the argon

Žion density reaches its maximum i.e. the argon
ion density profile has a similar shape as the

.copper ion density profile, presented in Fig. 8 . In
previous calculations for an 8-mm anode Grimm-

w xtype cell 10 , the copper atom density reached its
maximum at a distance further away from the

Žcathode since a smaller fraction of the copper
.atoms was lost due to diffusion to the side walls ,

and it showed a much better overlap with the
argon ion density, leading to more asymmetric
charge transfer. Experimentally, it was also de-
monstrated that this process is quite important at

w xtypical Grimm-type conditions 11 , but these
measurements were also performed in an 8-mm
anode source. Nevertheless, it is our feeling that
the presently calculated role of asymmetric charge
transfer is somewhat too low, possibly due to a
too rapid drop of the sputtered copper atom
density. In future work, we would like to test this
in more detail, e.g. by comparison of calculated

Ž .and experimental emission intensities see below .
Furthermore, in Table 1, it follows that the Cu0

9 2 Ž . Ž .3d 4s metastable levels is2 and 3 and the
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0 10 Ž .Cu 3d 4p levels is4 and 5 are mainly formed
by direct electron impact excitation from the Cu0

ground state. It is worth mentioning that these
levels are very important in copper vapor lasers.
Indeed, lasing lines are observed between the Cu0

10 Ž . 0 9 23d 4p levels as upper levels and the Cu 3d 4s
Ž . w xlevels as lower levels 12 . Collisional mixing

within the two 3d94s2 levels and the two 3d104p
levels is quite important. For the 3d104p levels it
is not explicitly considered in the model, because
these levels are lying so close to each other that
excitation and de-excitation are equally important
and the levels are actually populated according to
their statistical weights. For the 3d94s2 levels,
which are lying somewhat more separated from
each other, excitation and de-excitation by elec-
tron, argon or copper atom impact are explicitly
taken into account. Indeed, it appears from Table
1 that electron impact de-excitation from the
higher 3d94s2 level is a rather important produc-

9 2 Ž .tion process for the lower 3d 4s level is2 , and
especially electron impact excitation to this higher
3d94s2 level is a dominant loss process. Beside
that, also electron impact excitation to higher Cu0

excited levels, as well as electron impact ioniza-
tion are quite significant loss processes for the
3d94s2 levels. Collisional mixing between these
levels due to argon or copper atom impact, on the
other hand, is actually found to be negligible,
both as production and loss process for these
levels. Moreover, since the 3d94s2 levels are
metastable, they cannot be depopulated by radia-
tive decay. This is certainly not the case for the
3d104p levels, which are very efficiently depopu-
lated by radiative decay, both to the Cu0 ground

Žstate giving rise to the so-called resonant lines at
. 9 2324.7 and 327.4 nm and to the 3d 4s metastable

Žlevels which can result in laser lines, for
appropriate conditions like in copper vapor lasers,

.see above . Furthermore, electron impact de-exci-
tation to the lower levels and electron impact
ionization play also some role in depopulating
these 3d104p levels. Again, no significant differ-
ences are observed between the rf and dc mode,
and as a function of time in the rf-cycle.

0 Ž 9The higher Cu excited levels e.g. 3d 4s4p:
10 .is6; and 3d 5p and 3d: is8 are also mainly

populated by direct electron impact excitation

from the Cu0 ground state, although for the
3d94s4p levels stepwise excitation from the 3d94s2

metastable levels is also quite important. The
levels are predominantly lost by radiative decay to
lower levels, although electron impact de-excita-
tion to the lower levels and electron impact ion-
ization also play a non-negligible role. Again,
there are no major differences between both
operation modes, and no significant variations as
a function of time.

q 10 Ž . qThe Cu 3d ground level is9 and the Cu
9 Ž .3d 4s metastable levels is10 and 11 are mainly

populated by Penning ionization and electron
impact ionization from the Cu0 ground state and
excited levels. Indeed, it is assumed in our model
that these two ionization processes can only lead
to the formation of the Cuq ground state or
metastable levels, and not to Cuq higher excited
levels. A detailed justification of this assumption

w xcan be found in Bogaerts et al. 4 . Depopulation
of these levels occurs mainly by electron impact

q Žexcitation to the higher Cu levels i.e. mainly to
the 3d94s and 3d94p levels for the Cuq ground
state, and to the 3d94p levels for the Cuq

.metastable levels .
9 Ž .The 3d 4p levels is12, 13 and 14 are pre-

dominantly populated by electron impact excita-
tion from the Cuq metastable levels, and to a less
extent from the Cuq ground state. However, the

9 Ž3 . Ž .3d 4p P level is12 forms an exception to2
this, because it is mainly populated by asymmetric
charge transfer between Cu0 ground state atoms
and Arq ions. This is the reason why this level is
not included in the effective level is13, but is
treated as a separate, individual level. Indeed, the
Arq ions show only good energy overlap with this
Cuq 3d94p 3P energy level, so that it is assumed2
that asymmetric charge transfer selectively popu-
lates only this level. This is in correspondence
with the experimental observations of Steers et al.
w x11 , who found that the emission lines originating
from this Cuq level were systematically higher,
due to selective population of this level. The loss
of all 3d94p levels occurs almost entirely by radia-
tive decay to the 3d94s levels, as appears from
Table 1.

The highest Cuq levels taken into account in
9 Ž .our model, i.e. the 3d 5s levels is15 are exclu-
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sively formed by electron impact excitation from
the Cuq 3d94p levels, and the dominant loss
mechanism is found to be radiative decay to these
levels.

Finally, the Cu2q ions seem to be primarily
created by electron impact ionization from the

0 ŽCu ground state i.e. the removal of two elec-
.trons at the same time , although electron impact

ionization from the Cuq ground state and
metastable levels also contribute for approxi-
mately 5]15% each. Indeed, although the cross

Žsection for double electron impact ionization i.e.

0 2q.from Cu to Cu is clearly lower than the
electron impact ionization cross section from Cuq

2q Ž w x.to Cu see ref. 4 , the first process is still more
important, due to the much higher density of Cu0

atoms compared to Cuq ions. The loss of the
Cu2q ions appears to be caused for 100% by
electron]ion three-body recombination, which is
logical because this was the only loss mechanism
for Cu2q ions taken into account in our model. In
analogy to the copper atomic levels, the relative
contributions of the various populating and
depopulating processes for the Cuq levels and

Ž . Ž .Fig. 11. Calculated optical emission spectrum in the rf discharge more or less constant in time . Both a the entire spectral range
Ž . Ž .and b a detail 190]380 nm are shown.
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the Cu2q ions do not vary significantly in time
and are rather similar for both the rf and dc
operation modes.

3.6. Optical emission intensities

From the level populations of the excited cop-
per atomic and ionic levels, the optical emission
intensities of spectral lines can be calculated,
when multiplying these populations with the Ein-
stein transition probabilities for radiative decay.
Fig. 11 shows the calculated optical emission

Žspectrum in the rf discharge found to be con-
stant in time, since the level populations were

.also constant, see Fig. 10 . Both the entire spec-
tral range and, in more detail, the 190]380-nm
range, where most lines are present, are shown.
Similar spectra are shown in Fig. 12 for the dc
discharge. In general it appears that the dc opti-
cal emission intensities are somewhat lower than
the corresponding rf intensities. This seems to be

Žespecially the case for the atomic lines i.e. the dc
values were found to be approximately one order

.of magnitude lower , whereas the ionic lines

Ž . Ž .Fig. 12. Calculated optical emission spectrum in the dc discharge. Both a the entire spectral range and b the 190]380 nm range
are shown.
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showed only a difference of 10]20%. Indeed, Fig.
10 revealed also that the dc atomic level popula-
tions were clearly lower than the rf values,
whereas the ionic levels were almost of the same
magnitude. Experimentally, the Cu intensities
were found to be approximately 10% lower in the
dc case compared to the rf case. Hence, this is
apparently in good agreement with our calculated
differences for the ionic lines, but the differences
we calculated for the atomic lines seem to be
somewhat too high. In general, both the rf and
the dc spectra have a very similar outlook.

It is also interesting to mention that the ionic
lines were found to be more intense than the

Žatomic lines, even than the two resonant lines i.e.
.324.7 nm and 327.4 nm . The reason for this is

the rather strong self-absorption of these reso-
nant lines in the model. Whether this behavior of
more intense ionic than atomic lines is also exper-
imentally the case needs to be further investi-
gated. Finally, it should be mentioned that the
224.7 nm line, which corresponds to a 3d9 4p
3P ]3d9 4s transition, although having a very high2
intensity, is not the dominant line in the spec-
trum. Steers and coworkers, on the other hand,
clearly observed this as the most intense line in

w xthe spectrum 11 , and attributed this to selective
excitation by asymmetric charge transfer of the

Ž . w xupper level see above . In a previous paper 13 ,
where the Grimm-type source of 8-mm anode
diameter was investigated, we also predicted that
this line dominated the spectrum, because asym-
metric charge transfer appeared to be much more
important. However, as mentioned before, it might
well be that this process is underestimated in the
model at the present discharge conditions, and
that the intensity of the 224.7-nm line should be
higher in the spectrum. Therefore, in the near
future, we would like to compare the calculated rf
and dc spectra in more detail with experimental
observations.

4. Conclusion

A number of models has been developed,
describing the behavior of the copper species in rf

and dc glow discharges. They allow the calcula-
tion of, among others, sputtering rates, level
populations of various copper atomic and ionic
levels, and optical emission intensities of lines
emitted by excited copper atoms and ions. The
sputtering is calculated from an empirical for-
mula for the sputtering yield multiplied with the
flux energy distributions of the bombarding
species. The thermalization process after sputter-
ing is treated with a Monte Carlo model. The
further behavior of the copper atoms, the ioniza-
tion and excitation, and the behavior of the ex-
cited copper atomic and ionic levels, are handled
in a collisional]radiative model. Finally, the
transport of the copper ions in the sheath is also
simulated with a Monte Carlo method. These
models are coupled to the other models we have
developed previously for the other plasma species,
and solved iteratively until final convergence is
reached. The model is applied to a simplification
of the Grimm-type cell, and is run for typical
operating conditions: 5 torr gas pressure, 37]38
W electrical power, a dc voltage of 1000 V, or rf

Ž . Žvoltages of 769 V rf amplitude and y519 V dc
.bias . These calculated electrical parameters are

in reasonable agreement with experimental val-
ues measured by Hoffmann.

The calculated erosion rates, at the same val-
ues of gas pressure and electrical power, are
found to be slightly higher in the rf mode than in
the dc mode, which is also found experimentally.
The absolute values of the calculated erosion
rates are in reasonable agreement with experi-
mental observations for the same discharge con-
ditions.

The calculated thermalization profiles, as well
as the density profiles of the thermalized copper
atoms, reach a maximum very close to the rf-elec-
trodercathode, and are nearly identical in both
operation modes, both in absolute values and in
relative shapes. The latter is also true for the
calculated density profiles of the Cuq and Cu2q

ions. By comparing the values at the maximum of
their profiles for all copper atomic and ionic
levels, it follows that the calculated copper atom
excited level populations are systematically lower
in the dc case compared to the rf case. The
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excited ionic levels, on the other hand, were found
to have more or less the same populations in both
operation modes.

Concerning the relative contributions of popu-
lating and depopulating processes, it is found that
electron impact excitation from the ground state,
but also from excited levels, is the most important
production process for all levels, either atomic or
ionic. Only for the Cuq ground state and 3d94s
metastable levels, the dominant production mech-
anism is Penning ionization and electron impact
ionization, and the Cuq 3d94p 3P level is pre-2
dominantly created by asymmetric charge trans-
fer. The Cu0 and Cuq ground states and
metastable levels are mainly depopulated by elec-
tron impact excitation to higher levels and to a
less extent by electron impact ionization, whereas
the most important loss mechanism for the other
atomic and ionic excited levels is radiative decay
to the lower levels. The relative contributions of
the various populating and depopulating processes
were found not to vary significantly in time, and
to be more or less similar for both the dc and the
rf operation modes.

Finally, the optical emission spectra were calcu-
lated for both rf and dc mode. The spectra look
qualitatively very similar, however the dc intensi-
ties were found to be lower than the rf intensities,
i.e. approximately an order of magnitude for the
atomic lines, but only 10]20% for the ionic lines.
Experimentally, the dc intensities were also found
to be lower by approximately 10%. In the near
future, we plan to compare the calculated spectra
for both operation modes in more detail with
experimentally measured spectra.
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