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The Cu atoms sputtered from the cathode and the corresponding Cu ions in an argon direct current
glow discharge are described by a combination of two models: a fluid model for their overall
behavior(diffusion and migratiopin the entire discharge and a Monte Carlo model for the explicit
transport of the Cu ions in the cathode dark space. The models are combined with other models
described previously for the electrons, Ar ions, fast Ar atoms, and Ar metastables, in order to obtain
an overall picture of the glow discharge. Results of the fluid model are the densities and fluxes of
the Cu atoms and ions. At 100 Pa and 1000 V the Cu atom and ion densities are of the order of
10'2-10" and 13°-10" cm 3, respectively. The ionization degree is hence about 1%, which is
much higher than for Ar. The Cu ion to Ar ion density is about 6% and the Cu ion to Ar ion flux is
about 5%. The energy distribution of the Cu ions bombarding the cathode is calculated with the
Monte Carlo model and shows good agreement with experiment. It is characterized by a peak at
maximum energy, in contrast to the energy distribution of Ar ions and fast atoms. Since sputtering
increases with the bombarding energy, the amount of self-sputtering is significant, although still
clearly lower than the contribution of Ar ions and fast atoms. The influence of pressure, voltage, and
current on all these quantities is investigated.1@96 American Institute of Physics.
[S0021-897€06)04503-9

I. INTRODUCTION sorption measurements for a Cu—Cr cathd€él@:1) in Ar.
Comparison between theoretical and experimental sputtered

Glow discharges are used for etching and depositioratom density profiles was also performed in Ref. 8 for a Li
purposes and also as a spectroscopic source for analyticatathode in Ar. Furthermore, the spatial distribution of sput-
techniques like mass spectrometry and optical emissiogered atoms in the glow discharge has been measured, for
spectrometry:® To acquire better results in these applicationexample, by laser fluorescence for Na atoms in Ar in Ref. 9,
fields, a good insight into the glow discharge is desirable. Wiy atomic absorption and atomic emission in Ref. 10 for Cu
try to obtain this by mathematical modeling. In glow dis- and Fe atoms in Ar respectively, and by atomic absorption
charges used as an ion source for mass spectrometry, like vier Cu atoms in a radio-frequency discharge in Ref. 11. In
tend to describe, the cathode is made of the material to bRef. 12 the absolute density of Cu atoms was determined in
analyzed. It is bombarded by ions and fast atoms of the glova Ne—Cu hollow cathode laser. In all these works only the
discharge plasma which causes the sputtering of cathode alputtered atoms are concerned. Only a few papers, describing
oms. These atoms can be ionized in the plasma, and thflow discharges used as metal-vapor hollow cathode lasers,
subsequent ions are analyzed in the mass spectrometealso treat the ions of the cathode material. In Refs. 13 and 14
Therefore, we pay special attention to the atoms sputteregd Ne—Cu hollow cathode is modeled by solving a set of three
from the cathode and to the ions formed out of them. coupled differential equationdor Ne*, C’, and Cu, re-

The densities of these species can be determined bo#pectively and the results are compared with experimental
experimentally and theoretically. In Ref a model was de- values.
veloped to calculate the density profile of sputtered atoms by  In the present work a model is developed to compute the
a simple one-dimensional diffusion equation, after thesejensities of sputtered Cu atoms and Cu ions in a dc glow
sputtered atoms have been thermalized in the plasma. Thifischarge by solving two coupled differential equations.
model was used in Ref. 5 for an Ar/Mo system to calculateMoreover the behavior of the Cu ions in the cathode dark
etching rates, which were compared with experimental valspace(CDS) is calculated explicitly in a Monte Carlo model.
ues. The latter model was extended to two dimensions iThe models are combined with other models described
Ref. 6; two-dimensional density distributions of sputtered atearliet® 8 for the electrons, Ar ions, fast Ar atoms, and Ar
oms and crater profiles for the Ar/Mo system were calculatednetastables, in order to obtain an overall picture of the glow
at different discharge conditions and for slightly modified discharge. Results of the fluid model include the densities
cell types. A similar diffusion model was also developed inand fluxes of the Cu atoms and ions and the ionization de-
Ref. 7. In the latter work, calculated sputtered atom densityyree of Cu. By comparison of the Cu ion densities and fluxes
profiles were compared with results obtained by atomic abwith the ones for Ar ions, the relative importance of the Cu
ions in the discharge can be investigated. The Monte Carlo
aAuthor to whom correspondence should be addressed; Electronic maiff0del yields the energy distribution of the Cu ions bombard-
bogaerts@uia.ua.ac.be ing the cathode. By comparison with the energy distributions
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of the Ar ions and fast Ar atoms at the cathode, the relativehemical specie¥ Since it can be assumed in a first ap-
contribution of self-sputtering can be calculated. The influ-proximation that diffusion is not determined by the charge of
ence of voltage, pressure, and current on these quantities ésparticle, the diffusion coefficient of the Cu ionB §+) is
investigated. taken to be equal to that of the Cu atoms, i.e.,
Dcy = Dgy+=144.6 cni s tat 1 Torr Ar and room tempera-
ture. The mobility of the Cu ionsyc,+) is adapted from
Ref. 20 where a graph of the mobility as a function of the ion
A. Fluid model for Cu °and Cu* mass in Ar, Ne, and He was presented. It was taken to be
The fluid model is one dimensional, i.e., it applies to al8374 cmis V" at 1 Torr Ar.Z(x) represents the electric

discharge between two infinitely wide electrodesode and ~field distribution throughout the discharge, calculated in the
cathodg so that quantities vary only with distance from the hybrid Monte Carlo fluid modef (see below
electrodes. The cathode is bombarded by Ar ions, fast Ar  The production rate of the Cu atoT$o4,cu Ed. (5)] is
atoms(and Cu ions, see belowvhich causes the sputtering given by the sputtered flux from the cathodg) multiplied
of cathode(Cu) atoms. In principle also Cu ions can be sput-by the thermalization profileH(x)]. It is indeed assumed
tered from the cathode, but they will return instantaneouslyihat thermalization of the atoms is a much faster process than
toward the cathode because of the strong electric field iliffusion and that it is already finished when diffusion Stérts.
front of it. The sputtered Cu atoms arrive in the plasma andFr(x) is computed by a Monte Carlo mod@lJ, is calcu-
lose their initial energy of a few eV almost immediately by lated from an empirical formula of the sputtering yféldnd
collisions with the gas particles. After they have been therthe flux energy distribution of the particles bombarding the
malized, the further transport is diffusion dominated, i.e.,cathoddi.e., the Arions and fast atoms, and also the Cu ions
starting from an initial distribution of thermalized particles (see below.
(thermalization profile they can diffuse further into the The loss rate of the Cu atoms,s ) is equal to the
plasma or back toward the cathode. The sputtered Cu atongoduction rate of the Cu i0n8 o4 cyt) and expresses the
can also be ionized in the glow discharge plasma, leading tnization of Cu atoms by electron impact ionization, Pen-
the formation of Cu ions. The three most important ioniza-ning ionization, and charge transfgq. (6)]. rg(x) is the
tion mechanisms include Penning ionization by Ar meta-electron impact ionization rate, which is calculated in the
stables, charge transfer by Ar ions, and electron impact ionelectron Monte Carlo modékee below with the cross sec-
ization. The transport of the Cu ions created in this way istion of electron impact ionization taken from Ref. X3, and
controlled by diffusion and by migration in the electric field. i .. are the rate coefficients of Penning ionization and charge
The loss of Cu ions could be caused by an electron—ioRansfer, respectively. To calculate the cross section of Pen-
recombination. However, since in Ref. 13 it is demonstrateching ionization, an empirical formu#was used which was
that this processes is negligible, it is omitted in the presenfiiied to some experimentally obtained cross secfbfisn
model. . . ~ order to arrive at approximate values for other elements. The
The above described behavior of Cu atoms and ions ipenning ionization cross section of Cu at thermal energies
expressed in the following equations: was in this way computed to be 4,870 cn? which cor-
Ney(X)  djcdX) responds to &p, of 2.36x10 1° cm®s™ L. Cross-section val-
i T ax orodcdX) T Tiess,cdX), (1) ues for the charge transfer between AQu are very difficult
to find in the literature. It is generally know®fr2 that the
ey (X) | djeyr(X) _ charge transfer process is most likely when the energy dif-
ot * ox Fprod cur (X) 2 ference between levels of the bombarding ion and the created
ion is sufficiently small, and that the probability of charge
, 3) transfer decreases rapidly with increasing energy difference.
X Based on this knowledge, a method to estimate the charge
transfer rate constants was proposed in Ref. 29 and a value of
Fpce e (X)Z(x), (4 1.75<10°%° cm3s™' was suggested forker between

Il. DESCRIPTION OF THE MODEL

ﬁnCu(X)

JedX)=—Dc¢y

. INgy+(X)
jcur(X)=—Deyr ——

X Ar*/Cu. This is only an approximated value, but since we

I prod.cd X) = JoF7(X), (5) di_d not. find more accur_ate _datg, we will have to.be satisfied

with this solution, keeping in mind that the obtained results

Floss,cd X) =T prod,cur (X) will be subject to uncertainties. Also, the conclusions of
:nCu(X)[rEI(X)+kPInAr;(X)+ Kerar+(X)]. these calculations are not necessarily true for other cathode

materials. Finallyn,+ andn,+ are the Ar metastable den-
m

(6) sity and the Ar ion density.
Ne, and ng,+ are the densities of the Cu atoms and ions,  These continuity equations for the Cu atoms and ions
respectively;jc, andjc,+ are their respective fluxegliffu-  [Egs. (1) and (2)] are coupled to each other through
sion controlled for the atorrgq. (3)] and diffusion and mi- I joss c{X) = I prog,cur (X) - Boundary conditions for this system
gration controlled for the iongeq. (4)]}. The diffusion coef- are chosen as.,=0 andnc,+ = 0 at both the cathode and
ficient of the Cu atoms in argofD,) is calculated with a the anode. The coupled equations are discretized to finite
formula of the rigid-sphere model for a mixture of two difference equations and the resulting bi-tridiagonal system
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is solved with the extended Thomas algorithm described in
the appendix of Ref. 30.

B. Monte Carlo model for Cu * in the CDS { L. Arion-Aratom . |
.+ iMonte Carlo model_: '

In order to obtain information about the energy distribu-
tion of the Cu ions at the cathode, which is of importance for
the calculation of sputtering by Cu ions, the behavior of the
Cu ions in the electric field of the CDS was described ex-

s

Arion - slow electron ____i
fluid model i

'
1

Ar metastable model

plicitly by a Monte Carlo model. This model is actually three
dimensional(three-dimensional trajectories and scattering No,, — & I (from electron Monte Carlo)
but the results are integrated over the entire radial distance, N = e & Ny, (from fiuid model)
. . . . Pl CT — Ar Art N (from Ar metast. model)
so that they are given as output in only one dimension. Pl OT Bl ™ J(O.E) of A, Ar°
i : + CT, Bl — electrons from Ar ion - atom Monte Carlo!
From the fluid model, we know the flux of Cu ions that (from Ar ion - atom Mo )
enter the CDS from the negative glgNG) and the number
of Cu ions that are formed in the CDS itself. The ions are Jour 81 CDS-NG interface
followed in the Monte Carlo model in this exact proportion. Cu” created in CDS
Thg iny co!hsmn processes that are mcorporated are elastic Curatom, Cuon | ‘ i
collisions with Ar gas atoms. The numerical value of the fluid model Monte Carlo model
cross section for this process is taken to be16 1 cn?, |
independent of the energy; this order of magnitude was de- J(OE) of Cu”
duced from cross-section curves found in Ref. 31. We also
tested other values and it was found that the results did not FIG. 1. Flow chart of the model.

vary much so that the choice of the value for this cross sec-

tion is not so critical. We took this value since the energy

distribution of Cu ions at the cathode calculated with this i ) )
cross section, especially the peak height at maximum energ§)€cted to each other, are not anludgd here, since this was
showed the best agreement with experimentally measuregiScussed in previous papgr_sl and it would make the
energy distributions of Cu ions at the cathtfdeee below. ~ Present flow chart too complicated. Only the way these mod-
Other possible collisions are estimated to be negligible€'s areé combined with the present models is explained.
asymmetrical charge transfer with Ar atoms would have a  First the electron Monte Carlo, the Ar ion, and fast Ar
considerably lower cross section, and collisions with othe@0m Monte Carlo, the Ar ion—electron fluid model, and the
plasma particleCu atoms, Ar ions, Ar metastables, elec- Ar metastable model are calculated, until convergence is

trong are unimportant due to the much lower densities off€ached, with an initial guess for the Cu atom density and
these species compared to the Ar atom density. assuming that there are no Cu ions in the plasma. Results of

The ions are followed one after the other during succesth®se models which are of importance for the Cu atom and
sive time steps. During each time step the trajectory is callo" models'lncludél) the Cu electron impact ionization rate
culated by Newton’s laws and the probability of collision is C@lculated in the electron Monte Carlo modektension of
computed. This probability is compared with a random num-Refs. 15 and 16 by the incorporation of this progegs) the
ber between 0 and 1. If the probability is lower, no collision &l€ctric field distribution(used to determine the Cu ion mi-
takes place and the ion is followed during the next time stepgration and the Ar ion densityneeded for the charge trans-
If the probability is higher, a collision takes place. The newfer ionization of Cu calculated in the Ar ion—electron fluid
energy and direction after collision are determined in com model;” (i) the Ar metastable densifpeeded for the Pen-
plete analogy to the procedure explained in Ref. 15 for elas?'"Y |E>7n|zat|c_>n of Ci calculated in the Ar metastable
tic collisions of Ar ions in Ar, with the only difference being Medel;” and (iv) the flux energy distribution of the Ar ions
that the masses of the two colliding particles are not equal t§"d fast atoms bombarding the cathédsguired to calculate
each other. In these collisions, fast Ar atoms can be formedh€ sputtering flux of Cu atomsorPsputed in the Ar ion and
which are also treated in a Monte Carlo model, exactly in thdast Ar atom Monte Carlo mopléf’: _
same way as described in Ref. 15. Hence, for all details With these results, the fluid model of Cu atoms and ions
about the physics and mathematics of the Monte Carlo modé$ calculated. This yields, among othe(®, the flux of Cu

(Newton’s laws, collision probability, new energy and direc-10n$ that enter the CDS from the NG afid) the number of
tion, etc) we refer to Ref. 15. Cu ions formed in the CDS, which are used as input data in

the Cu ion Monte Carlo model. The latter model leads to the
flux energy distribution of the Cu ions bombarding the cath-
ode, which is used again in the Cu atom and ion fluid model,
The two models described above, together with the modtogether with the flux energy distribution of Ar ions and at-
els for the other plasma species described edrliéf,are  oms, to calculate the amount of sputtering. The Cu atom and
combined in order to obtain an overall picture of the glowion fluid model and the Cu ion Monte Carlo model are
discharge. The flow chart of the coupling is presented in Figsolved iteratively until the results remain unchanded.,
1. The details of how the models described earlier are conalready after a few cycles

C. Combination of the models
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FIG. 3. Density profile of the Cu ion&Cu cathode in Ar—100 Pa, 1000V

FIG. 2. Density profile of the Cu atomgu cathode in Ar—100 Pa,

1000 V).
cm 2s % leading to a net sputtering flux of about 2:0%0°
cm 257! (only about 6.5% of the entire sputtering flux

The latter two models can influence the models de- M Fig. 3 the calculated Cu ion density profile is illus-
scribed earlier in the following waysi) the Cu ion density ~rated, both with and without the incorporation of self-
also determines the electric field distribution calculated inSPUttering. Like the Ar |on_den5|f3?, the Cu ion density is
the Ar ion—electron fluid model(ii) the Cu atom density Small but nearly constant in the CDS and reaches a maxi-
fixes the new electron impact ionization rate of Cu, com-mMum (of nearly 16" cm ™) halfway through the discharge.
puted in the electron Monte Carlo modéij) the Penning  KNOWing thaEgthe Ar ion density has a maximum of about
ionization and charge transfer processes cause a decreaselif<10'"* cm™* at these discharge conditions, the Cu ion
the Ar metastable and Ar ion densities, respectively, @nd ~ density corresponds to about 6% of the Ar ion density. Com-
the three ionization processes of Cu lead to an increase in ttR&rNg this value with the Cu atom to Ar atom density ratio,

electron density. The complete system is solved iterativelyV® conclude that the sputtered Cu atoms are much more
until convergence is reached. efficiently ionized. It was indeed found in Ref. 17 that elec-

tron impact ionization, which is the major ionization process
for the Ar atoms, is only of minor importance for the sput-
tered atoms, since Penning ionization and charge transfer are
much more effective processes. The presently calculated Cu
Calculations were carried out for a Cu cathode in an Arion to Ar ion density ratio is in rather good agreement with
discharge at 100 Pa gas pressure and 1000 V discharge valhe results found in Ref. 13 for a Cu/Ne hollow cathode
age. The discharge cell is assumed to be 1.5 cm long andischarge. By comparing the Cu ion density with the Cu
infinitely wide. atom density, the ionization degree of Cu in the glow dis-
Figure 2 shows the calculated Cu atom density distribucharge was calculated to be about 1.6% at the typical dis-
tion throughout the discharge. This density profile shows aharge conditions of 100 Pa and 1000 V. This agrees with the
maximum relatively close to the cathode and then graduallgeneral statement in glow discharge mass spectrometry lit-
decreases towards the anode, which is in agreement witrature where ionization degrees of about 1% are usually
results found in literature, both experimentally andmentioned
theoretically*~*! The density is of the order of 1®-7x10" The Cu ion flux follows the same course as the Ar ion
cm™ 3 which is about four orders of magnitude lower than theflux,*® i.e., it is negative(directed toward the cathogi the
Ar atom density(n,, is about 2.4%10'® cm 3 at 100 Pa first part of the discharge, changes sign halfway through the
We compared the Cu atom density calculated in this modetell and then takes positive valuédirected toward the an-
with Cu atom densities calculated by neglecting self-ode. The value at the cathode is about1.19x10'
sputtering by Cu ions and/or loss by ionization, as is indi-cm™2s™! (i.e., 5.2% of the Ar ion flux at the cathoge
cated in Fig. 2. Both effects are rather small but not comwhereas the anode, which contains the exit slit toward the
pletely negligible. mass spectrometer, is bombarded by a Cu ion flux of
The density profile gives rise to a diffusion flux which 3.69x10** cm™2s72 (i.e., 4.9% of the Ar ion flux In obser-
goes through zero relatively close to the cathode; the flux isations with the VG 9000 mass spectrometer slightly higher
slightly positive toward the anode but extremely negative avalues are generally obtained at these discharge conditions
the cathode, indicating that backdiffusion is exceedingly im-(i.e., ~5—209%, but in view of the approximate way of cal-
portant. At 100 Pa and 1000 V the sputtering flux amounts taulating the ionization rate of Cu, and knowing that this
about 4.5%10' cm 2s ! whereas the flux of Cu atoms value is calculated from the Cu atom to Ar atom density ratio
back to the cathode was calculated to be about414®  of four orders of magnitude, the presently obtained value in

Ill. RESULTS AND DISCUSSION
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FIG. 4. Normalized flux energy distributions of the Cu ions bombarding the
cathode: comparison between calculated and experimental réSultsath-
ode in Ar—100 Pa, 1000

FIG. 5. Flux energy distributions of the Ar ions, fast Ar atoms, Cu ions, and
fast Ar atoms formed by Cu ion collisions, bombarding the cath(Zie
cathode in Ar—100 Pa, 1000)V

the percent order is certainly in satisfactory agreement withhe cathode have rather low energies. However, almost all Cu
experiment. ions that arrive at the cathode have the maximum energy
Figure 4 presents the normalized flux energy diStribUtiorborresponding to the total voltage drop.
of the Cu ions arriving at the (_:athode, calculated in the  Taking into account that the efficiency of sputteriiige
Monte Carlo model. The distribution has a pronounced peakpttering yieldincreases with the energy of the bombarding
at maximum energy(note the logarithmic _sca]e which particles(see Fig. 6, which is obtained by using the formula
means that most of the Cu ions bombarding the cathodgescribed in Ref. 22t is expected that the contribution of
originate from the NG and pass the CDS without collisions.the cu ions to the sputtering process of the cath(sdf-
We compared this calculated distribution with energy diSt”'sputtering is non-negligible, in spite of their lower flux.
butions measured experimentally for Cu ions bombarding th@oreover, Fig. 6 illustrates that the sputtering yield for Cu
cathode of the VG 9000 mass spectrometer at 1000 V dispns on a Cu cathode is slightly higher than the one for Ar
charge voltagé. presented by the dashed lines in Fig. 4.jons of the same energy, due to their higher masses. In Fig. 7
Since it was impossible to measure the exact pressure insidge contribution of the different species in the total sputtering
the glow discharge chamber, only approximate values args a function of their energy is presented. In spite of the
given. The calculated energy distribution shows a rathefower sputtering yield at low energies, the major contribution
good agreement with the experimental ones. For comparisory il accomplished by the fast Ar atoms at low energies.
also the energy distribution calculated without elastic colli-The Ar ions also have a large contribution at low and inter-
sions is included, presented by curve 2 in Fig. 4. The peak ghegiate energies, whereas the Cu ions are especially effec-
maximum energy calculated in this way is still an order of e at maximum energy. The contribution of fast Ar atoms
magnitude higher than both the experimental values and thgyymed by Cu ion elastic collisions remains negligible at all

calculations including elastic collisions; this indicates thatenergies, as was expected from Fig. 5. Summed over all
elastic collisions are important enough to have effect on the

energy distribution.
In contrast to the energy distribution of the Cu ions at the

cathode, the energy distributions of the Ar ions and fast at- “

oms do not show a peak at maximum energy but, on the Cu
contrary, are characterized by a rapidly decreasing curve, as

is illustrated in Fig. 5. This figure shows the flux energy 3 Ar
distributions of the Ar ions, fast Ar atoms, and Cu ions bom- —

barding the cathode. Also included is the flux energy distri- § 2

bution of the fast Ar atoms that are formed by elastic colli-

sions of Cu ions. This flux energy distribution has nearly the

same course as the one for the fast Ar atoms formed by 1
collisions of Ar ions, but is about three orders of magnitude

lower. It should be noticed that the terminology of “fast Ar

atoms” is used to be able to distinguish with the thermalized 0
“bulk” Ar atoms, and that all Ar atoms which possess ener-

gies above 1 eV belong to this group. From Fig. 5 it is seen E (ev)

that the cathode is predominantly bombarded by fast Ar at-

oms with very low energies. Also the Ar ions that bombardFIG. 6. Sputtering yield as a function of the incident energy for Cu and Ar.

0 200 400 600 800 1000
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energies, the contributions of the different bombarding spe- TE *
cies at 100 Pa and 1000 V amount to about 61.0%, 31.0%, O 4]
6.55%, and 1.45% for the fast Ar atoms, Ar ions, Cu ions, -
and fast Ar atoms formed by Cu ion collisions, respectively. © 4
It should be noticed that the contribution of Cu ions can still ~
be somewhat underestimated, since the experimentally ob- 3 2
tained ratio of Cu ion flux to Ar ion flux at the cathctdés <
slightly higher than the calculated oree., about 18.8% 14 —75 Pa
compared to about 5.2Hence, although the fast Ar atoms %Pc
and also the Ar ions account for the majority of sputtering, e o0 o0 o 1250 14h0

the role of Cu iongself-sputtering cannot be neglected.

The fact that self-sputtering could be important was also
suggested in other papers. In Refs. 13 and 14 the sputtering
contribution of Cu ions was found to be |arger than the on&!G. 8. Densi.ty at the maximum of the profile for Cu ato(a)sand Cuions
of Ne ions, which was ascribed to the higher energy and of? @ @ function of voltage at three pressuf@s cathode in Ax
course also to the fact that Ne ions are not very effective in
sputtering due to their low masses. In Ref. 32 the amount of
self-sputtering was estimated by comparing the measured edensity. The maximum Cu density is situated between 0.1
ergy distributions of Ar ions and Cu ions, and a value of 42%and 0.22 cm from the cathode at all discharge conditions
was found for Cu in Ar at 1000 V. This value does not con-investigated. The position shifts slightly away from the cath-
sider the contribution of fast Ar atoms, and will therefore beode with decreasing pressure since the Cu atoms can diffuse
clearly too high. Nevertheless it indicates that self-sputterindurther into the plasma at lower pressures. The position shifts
can be quite significant. slightly toward the cathode with increasing voltage which is

In order to investigate the influence of pressure, voltageattributed to the fact that at higher voltages the ionization
and current on the behavior of the Cu atoms and ions, cakate of Cu atoms increasdsee below and the resulting
culations were performed for a range of voltages, pressureslepletion in the density profile leads to a slight shift of the
and currents(V=450-1400 V,p=50-100 Pa, =0.2-10 position of the maximum toward the catho@eee Fig. 2
mA/cn?). These are typical discharge conditions used withThe voltage effect on the position is however still smaller
the VG 9000 glow discharge mass spectrométsons for  than the pressure effect.

a Cu cathode in Ar. In Fig. 8b) the Cu ion density at the maximum of its

Figure 8a) shows the Cu atom density at the maximum profile is presented as a function of voltage at three pres-
of its profile as a function of voltage at three pressures. Theures. The Clidensity also increases with voltage and pres-
density clearly increases with voltage and pressure. Indeesure and the effect is even more pronounced than for the Cu
higher pressures and voltages yield higher currents and hene¢om density. This can be easily understood because the Cu
higher fluxes of particles bombarding the cathode. This reion density is the product of the Cu atom density and the
sults in more sputtering and hence a higher sputtered Camount of ionization which depends on the density of Ar
atom density. Moreover, at higher voltages, the bombardingons, Ar metastables, and electrons. Since both the Cu atom
particles have higher energies, and since sputtering increasdensity and the Ar ion, Ar metastable, and electron densities
with the energy of the bombarding species, this will alsoincrease with voltage and pressure, the Cu ion density will
cause more sputtering and hence a higher sputtered Cu ataso increase and even more rapidly, with voltage and pres-

V (Volts)
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. FIG. 10. Ratio of Cu ion to Ar ion flux at the cathode as a function of
18+ (b) voltage at three pressuréSu cathode in Ax.
161
~~
CIRES
2 127 (see previous textAlso the ratio of Cu ion flux to Ar ion
& 101 flux rises with voltage and pressure. Figure 10 shows this
3 84 ratio of fluxes at the cathode, but the ratio at the anode is
< 6- comparable. In general this flux ratio is calculated to vary
between 1% and 10%, depending on discharge conditions,
4] which is slightly lower than, but still in satisfactory agree-
21 p=50 Pa ment with mass spectrometric observations.
0 , , , — The increasing Cu ion flux compared to the Ar ion flux
400 600 800 1000 1200 1400 at the cathode at higher voltages and pressures is also re-

Vv (Volts) flected in the relative contribution of self-sputtering, pre-
sented in Fig. 11. The contribution of fast Ar atoms to the
FIG. 9. Ratio of Cu ion to Cu atom densif@) and of Cu ion to Ar ion sputtering .iS (_jominar_]t at all voltages and pressures but .de-
density(b) as a function of voltage at three pressuf@s cathode in Ar. creases with increasing voltage and pressure. The contribu-
tion of Ar ions takes the second place, increasing with pres-
sure but nearly independent of voltage. The contribution of
u ions increases with pressure and voltage, as was expected
om Fig. 10. Self-sputtering is therefore non-negligible, es-
ecially at high voltages and pressures.

sure. This indicates that higher voltages and pressures wi
give higher Cu ion signals in the mass spectrometer, Whiclé’5
results in a better analytical sensitivity. In the VG 9000 mas
spectrometer however, the voltage will seldom exceed 1.5
kV to avoid short-circuiting, and the pressure increase is lim-
ited by the coupling with the low pressure mass spectrometer
(till ~10 8 Torr). The position of the maximum of the Cu ion
density does not change considerably with voltage and pres-
sure and lies nearly halfway through the discharge cell.

Due to the more rapid increase of the Cu ions with pres-
sure and voltage compared to the Cu atoms, the ionization
degree of Cu will increase with pressure and voltage. This is
illustrated in Fig. 9a). At 50 Pa the ionization degree was
calculated to be about 0.01%. At 75 Pa it rises from about
0.01% at low voltages to about 0.5% at high voltages. At 100
Pa the amount of Cu that will be ionized increases to about
3% at 1400 V. It is clear that high voltages and pressures
yield a better ionization efficiency. Moreover the ratio of Cu
ion density to Ar ion density increases with voltage and pres- 400 500 800 1000 1200 1400
sure, as is reflected in Fig(l9. At 50 Pa this ratio remains v (Volts)
below 1%, at 75 Pa it reaches 6% at 1400 V, whereas at 100
Pa it exceeds 16% at 1400 V. This is quite considerable, ifg 11. Relative contribution to sputtering by the fast Ar atoms, Ar ions,
view of the much lower Cu atom to Ar atom density ratio and Cu ions, as a function of voltage at three press{@escathode in Ar.
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