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The role of the Cu atoms sputtered from the cathode material in a cylindrical hollow cathode
discharge 共HCD兲 and the corresponding Cu+ ions are studied with a self-consistent model based on
the principle of Monte Carlo 共MC兲 and fluid simulations. In order to obtain a more realistic view of
the discharge processes, this model is coupled with other submodels, which describe the behavior of
electrons, fast Ar atoms, Ar+ ions, and Ar metastable atoms, also based on the principles of MC and
fluid simulations. Typical results are, among others, the thermalization profile of the Cu atoms, the
fast Cu atom, the thermal Cu atom and Cu+ ion fluxes and densities, and the energy distribution of
the Cu+ ions. It was found that the contribution of the Ar+ ions to the sputtering was the most
significant, followed by the fast Ar atoms. At the cathode bottom, there was no net sputtered flux but
a net amount of redeposition. Throughout the discharge volume, at all the conditions investigated,
the largest concentration of Cu atoms was found in the lower half of the HCD, close to the bottom.
Penning ionization was found the main ionization mechanism for the Cu atoms. The ionization
degree of copper atoms was found to be in the same order as for the argon atoms 共10−4兲. © 2005
American Institute of Physics. 关DOI: 10.1063/1.2005381兴
I. INTRODUCTION

When the ions and neutral gas atoms bombard the cathode surface of a glow discharge, different processes may
occur: the atoms and ions can be reflected or implanted, can
provoke structural rearrangements in the surface layers of the
cathode material, can induce secondary-electron emission,
and can also generate a series of collisions between the atoms of the cathode surface. This can lead to the ejection of
some atoms of the target surface 共i.e., so-called sputtering兲 or
the cascade can go deep into the interior of the target, transferring the energy to lattice vibrations 共heat兲.1,2 When sputtering happens, the ejected particles are mostly single
ground-state neutral atoms, but moving away from the cathode, they can react with the other species present in the discharge, and the sputtered atoms can become ionized.
Hollow cathode discharge 共HCD兲 is extensively used in
laser technologies,3,4 spectroscopic analysis,5–7 and plasma
processing 共ion etching, thin-film deposition, surface
treatment兲.8,9 Many of these applications are based on the
sputtering of the cathode material by energetic ions and atoms. HCDs are a good medium to obtain high fluxes of
energetic particles. The loss of energetic particles 关to the anode共s兲 and to the walls兴 is considerably reduced due to its
geometric configuration.10,11 Hence, most of the energy of
the fast particles is spent inside the discharge for the production of new electron-ion pairs, which allows lower operating
voltages than in conventional planar cathode glow discharges. Consequently, HCDs give high rates of sputtering
while maintaining the discharge voltage relatively low,
which decreases the probabilities of overheating the cathode
surface as well as the radiation damage of the substrate.
a兲

Electronic mail: neyda.baguer@ua.ac.be

0021-8979/2005/98共3兲/033303/11/$22.50

Due to the inhomogeneity of the discharge, the spatial
distribution of the sputtered particles is not uniform. Hence,
in order to improve the use of HCDs for the abovementioned applications, it is important to study the fundamental aspects of sputtering, such as the spatial distribution
of the sputtered particles, their transport and interaction with
the other plasma species, as well as the best conditions for
optimal sputtering.
Experimental studies on HCDs are based on atomic
emission,5,6,12 absorption,13–15 fluorescence,16 and mass
spectrometry.17 Theoretical works are mainly based on numerical simulations. By modeling the sputtering process in
HCDs, the metal atom population is calculated based on the
solution of the continuity and flux equations. In some
works18–21 the creation rate for the sputtered atoms is deduced from the total discharge current 共to obtain a value for
the impinging ion flux to the cathode兲 and from the applied
potential 共i.e., the average energy of the bombarding gas
ions, needed to determine the sputtering yield, is taken in
accordance with the cathode fall potential兲. This source term
can also be given by the thermalization profile like, for example, in the work of Oliver and Finlayson,22 where the
initial flux of sputtered metal atoms was generated by a
Monte Carlo 共MC兲 model in combination with experimental
data, and the thermalization profile was calculated based on
the continuous slowing down approximation.23 However, by
tracking the sputtering in that way, the solution is not selfconsistently calculated. Indeed, the energy distribution of the
particles bombarding the cathode, which is the most important parameter for determining the sputtered flux, is not calculated in the model, but is deduced based on experimental
parameters 共discharge current and cathode fall potential兲.
Hence, it is not possible to obtain the spatial dependence of
the sputtered flux. A self-consistent calculation of the sput-
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tered atom density can be carried out, for example, by calculating the energy distribution function of the energetic particles analytically24 or by solving the Boltzman transport
equation25 and, subsequently, the Poisson equation together
with the continuity equations in order to obtain the particle
densities and the electric-field strength.
Another way of self-consistently calculating the sputtered atom density is given by the hybrid approach, based on
a combination of MC and fluid models. With the MC
approach26,27 the microscopic nature of particles and their
interaction can be considered explicitly. On the other hand,
the fluid method28,29 considers no individual particle but
treats them as a continuum. The transport of each kind of
particle is described by solving the continuity and flux equations. Moreover, in the case of charged particles the transport
equations are coupled with the Poisson equation in order to
obtain the electric-field strength. The source terms for the
continuity equations in the fluid model are taken from the
collision rates, which are calculated in the MC models, based
on the energy-dependent cross sections, while the particle
energy is calculated from the electric field. In that way not
only the flux energy distribution of the particles bombarding
the cathode can be calculated, but also the interaction of the
sputtered atoms with the plasma species can be followed in a
more realistic way. The hybrid approach was used to describe the plasma behavior, and the sputtered species in
HCDs, for example, in Ref. 30 for a segmented HCD and in
Ref. 31 for a longitudinal HCD, respectively. These models
were concerned with modified HCD configurations, intended
for laser applications, which operate at higher pressures and
currents than conventional HCDs.32
In the present paper we will study, by means of a hybrid
model, the processes responsible for the cathode sputtering,
the transport of the sputtered atoms and the corresponding
ions, as well as their interaction with the other species in a
cylindrical 共conventional兲 HCD. This approach will allow us
to calculate in a self-consistent manner the electric field and
the energy distribution functions of the energetic particles,
which are not only crucial for the correct description of the
electrical properties of the discharge but also for the description of the sputtering. Indeed, in this way, the energy and
particle fluxes of the energetic particles bombarding the cathode, as well as the fluxes and densities of the sputtered atoms
and corresponding ions, are calculated directly and selfconsistently in the model. Hence, a better description of excitation and ionization processes of the sputtered atoms can
be achieved, which is crucial for application purposes. For
example, in analytical chemistry, where cathode sputtering is
the way of sample atomization, it is important for atom absorption spectrometry to find the place where the concentration of sample 共sputtered兲 atoms and ions is highest in order
to improve the absorption signal. Moreover, for atom emission spectrometry, it is useful to improve the analyte spectral
line emission intensity, and for mass spectrometric analysis,
it is important to optimize the outgoing ion flux. Also in the
metal vapor and metal-ion laser technologies, where the
sputtered atoms and the corresponding ions constitute the
active medium, it is useful to know their density distribution
as well as the density distribution of the metastable atoms
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and ions from the carrier gas in order to optimize the lasing
transitions and, therefore, to improve the laser construction.
II. DESCRIPTION OF THE MODELS
A. Assumptions of the model

The discharge gas was assumed to be argon at room
temperature and uniformly distributed throughout the discharge, i.e., the thermal motion of the gas atoms is neglected.
The other species considered in the model are singly charged
positive argon and copper ions, metastable Ar atoms 共Arm兲,
fast and slow electrons, fast Ar atoms 共Ar f 兲, and fast 共Cu f 兲
and slow Cu atoms.
The Ar f atoms are formed by elastic collisions of Ar+
ions and Cu+ ions with the background Ar gas, and they are
assumed to have energies higher than 1 eV. The fact that we
consider a fraction of the Ar atoms as fast particles does not
contradict the assumption that the gas is uniformly distributed throughout the discharge, because the Ar f density is four
orders of magnitude lower than the density of the discharge
gas.33 Nevertheless, the Ar f play a significant role in the
sputtering process as will be shown later in the paper.
The Cu f are the sputtered atoms from the cathode. The
Cu atoms are emitted with an initial energy of several eV and
they are considered as fast particles until they become thermalized, i.e., mainly due to elastic collisions with the background Ar gas.
The fast Ar+ and fast Cu+ ions are considered in the
cathode dark space 共CDS兲, where these ions gain energy
from the electric field and they are described through a MC
approach.
The electrons are split up in two groups:34 the fast electrons, with high enough energy to cause inelastic collisions,
and the slow electrons, which do not have enough energy.
The energy threshold for considering electrons as fast particles was 4.6 eV, which corresponds to the ionization energy from the Arm levels.
The two metastable levels of Ar, 3 P2 and 3 P0, which lie
at 11.55 and 11.72 eV above the ground state, respectively,
have been combined into one collective level lying at
11.55 eV.35 This assumption was made based on the fact that
the 3 P0 level was considerably less populated than the 3 P2
level,36,37 and for our purpose only the total metastable density is important.
In the following, we will emphasize on the description of
the models for the Cu atoms and Cu+ ions. The models developed for the other species 共electrons, Ar+ ions, Ar f , and
Arm兲 were explained in previous papers.33,37,38
B. Monte Carlo model for the sputtered Cu atoms

The cathode sputtering can be treated as a probability
process in which every time that an energetic particle impinges the cathode, the ejection of the atoms will occur with
a certain probability given by the energy and angle of incidence of the impinging particle, i.e., following the principle
of particle-in-cell simulations. However, to accomplish it, a
very long calculation time is required. Therefore, in the
present model, we have opted to calculate the sputtered flux
based on the Matsunami formula39 for the sputtering yield
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and the energy flux distribution of the particles bombarding
the cathode. This approach is sufficiently accurate and much
faster.
The sputtered flux 共JCu兲 is calculated as the product of
the sputter yields as a function of energy 共E兲 共i.e., the number of atoms ejected per incident particle兲39 and the bombarding particle flux energy distributions 共f cat兲, integrated
over the complete energy range:
JCu = −

冕

共Y Ar
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+
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where the negative sign indicates that the sputtered flux is in
the opposite direction as the bombarding fluxes.
The spatial dependence of the sputtered flux was calculated based on an approximation of Eq. 共1兲, where instead of
the flux energy distribution, the particle flux at the cathode
共at each grid point of the cathode, i兲 was used and the sputtering yield was calculated for the average energy 共Eave兲 at
each i:
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Subsequently, the relative spatial distribution, jCu
i / 兺i j i , was
Cu
factorized by the value of the total sputtered flux 共J 兲 calculated in Eq. 共1兲.
The initial position of the Cu atoms, i.e., the position
from where they are ejected from the cathode surface, was
determined by the relative spatial distribution of the sputtered flux 共see above兲 and by generation of random numbers
共rn’s兲. The Cu atoms are assumed to be ejected from the
cathode following the Sigmund-Thompson distribution40
from where the initial energy E and the axial 共兲 and azimuthal 共兲 angles of the initial velocity were calculated as
E = U / 共rn−0.5 − 1兲,  = 0.5 arcos共1 − 2rn兲 and  = 2rn, respectively. U is the surface binding energy of the cathode material, which is taken equal to the heat of sublimation. Based
on the fact that the maximum energy which a colliding particle can transfer in a collision corresponds to the energy
transfer in a head-on elastic collision, it was assumed in the
Cu
兲 will
model that the maximum initial Cu atom energy 共Emax
+
Cu Ar
Cu
Ar 2 Ar
be equal or less than 关4m m / 共m + m 兲 兴Eave , where
Ar+
Eave
is the average Ar+ ion energy at the point of emission.
Due to elastic collisions, this initial energy is transferred very
effectively to the background gas. In Ref. 23 it was shown
that the thermalization of the sputtered atoms occurs on a
very short time scale and can be considered to be finished
when the diffusion starts, hence both processes can be modeled separately. This MC submodel handles the evolution of
the sputtered Cu atoms toward the thermalization, while in
the fluid submodel for Cu+ ions and Cu atoms 共see below兲
the transport by diffusion of the Cu atoms is described.
During each time step, the trajectory of the Cu atoms is
calculated with Newton’s laws: r = r0 + v⌬t, where ⌬t is the
time interval and r0 , r are the position vectors before and
after ⌬t, respectively, and v is the velocity vector. We con-

sidered here that the slowdown of the sputtered Cu atoms is
only due to elastic collisions with background Ar atoms, because this process has the highest cross section and the density of the other species present in the discharge is at least
four orders of magnitude lower than the background Ar atom
density.33,38 Due to a lack of information about experimental
Cu elastic cross sections with Ar atoms 关共E0兲兴, the value of
共E0兲 was obtained from Lindhard’s differential scattering
cross section,41 共E0 , T兲, after integration over all possible
values of energy transfer T from a projectile of energy E0 to
an atom at rest. The interatomic interaction potential was
taken in the form proposed by Sielanko,42 i.e., a power-law
potential that approximates the Molier potential by taking the
inverse power potential parameter as a function of the impinging energy and impact parameter.
The probability of elastic collisions during the time step
⌬t is calculated by P = 1 − exp关−⌬snAr共E0兲兴, where ⌬s is the
distance traveled by the Cu atoms with energy E0 during the
interval ⌬t and nAr is the density of the background Ar atoms. Subsequently, P is compared to a rn in order to determine if a collision takes place. After each collision, the new
energy and velocity direction are calculated: the axial scattering angle  was calculated from the Sielanko formula42
and the energy after the collision, E, as E = E0 − T, where T
= E0关4mCumAr / 共mCu + mAr兲2兴sin2  / 2. The conversion of the
scattering angle into the laboratory frame of reference was
done by the ordinary transformation of the coordinate frame
of reference.43
This procedure of following the atoms with Newton’s
laws and describing their collisions with cross sections and
rn’s is repeated until the Cu atoms collide at the cathode
walls or at the anode, where they can be absorbed or reflected, or until their energy drops below 0.03 eV, i.e., when
they can be considered as thermalized Cu atoms.
By following in this way a large number of sputtered
atoms, the thermalization profile 共i.e., the spatial distribution
of thermalized Cu atoms兲 is calculated, and this yields the
initial distribution for further diffusion transport of the thermalized Cu atoms.
C. Fluid model for the Cu+ ions and Cu atoms

This model describes the behavior of the thermalized Cu
atoms and the corresponding Cu+ ions. The ionization processes considered for the Cu atoms are electron impact ionization, Penning ionization by Arm, and asymmetric chargetransfer collision 共ACT兲 with Ar+ ions. The transport of the
thermalized Cu atoms is diffusion dominated, while the Cu+
ion transport is determined by drift and diffusion.
The following continuity and flux equations describe the
behavior of the Cu atoms and Cu+ ions:

nCu
Cu
Cu
+ ⵜ · jCu = Sprod
− Sloss
,
t

共3兲

jCu = − DCu ⵜ nCu ,

共4兲

+

nCu
+
Cu+
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,
t

共5兲
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= JCuFt ,
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+

+
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= Sprod
= Se,ion,Cu + kACTnCunAr + kPennCunAr
+

m

m

nAr and nAr are the Ar+ ion and Ar metastable atom densi+
+
+
ties, respectively. nCu, nCu , jCu, jCu , DCu, and DCu are the
densities, fluxes, and diffusion coefficients of Cu and Cu+,
+
respectively. Cu is the mobility of Cu+ ions in Ar gas. The
values of these coefficients were adopted from Ref. 44:
+
+
Cu = 1837.4 cm2 s−1 V−1, DCu = DCu = 144.6 cm2 s−1 at
Cu
兲 is given by the
1 Torr. The production of Cu atoms 共Sprod
normalized thermalization profile of the Cu atoms 共Ft兲 factorized by the total sputtered flux of Cu atoms: JCu = JrCu
+ JzCu, where JrCu, JzCu, and Ft are calculated in the MC model
for fast Cu atoms 共see Sec. II B兲 and the subscripts r and z
denote the sputtering from the the cylinder sidewalls and
Cu
represents the
cathode bottom, respectively. The term Sloss
loss of Cu atoms due to the ionization processes considered.
Hence, this term also gives the creation rate of the Cu+ ions.
Se,ion,Cu is the electron-impact ionization rate of Cu, calculated in the MC model for the fast electrons.37 The second
Cu
stand for the ionization rate of Cu
and third terms of Sloss
atoms by ACT with Ar+ ions and by Penning ionization with
Arm, respectively. The rate coefficient for ACT with Ar+ ions
共kACT兲 and for Penning ionization 共kPen兲 were taken equal to
be 2 ⫻ 10−10 and 2.6⫻ 10−10 cm3 s−1, respectively.44
The continuity equations of Cu+ ions and Cu atoms are
Cu
Cu+
= Sprod
. Both equations are discretized
coupled through Sloss
and solved with the extended Thomas algorithm for a pentadiagonal matrix.45 The boundary conditions for this system
were determined by the sticking coefficients of copper atoms
and ions. For the Cu atoms, a sticking coefficient of 0.5 was
assumed, which means that at the walls the Cu atoms will be
reflected or absorbed in the same proportion. This value was
assumed based on the experimental evidence that the sticking coefficient for the sputtered atoms should be less than 1
共Ref. 14兲 and on the comparison between measured and calculated sputtered densities presented in Ref. 46. As boundary
conditions for the Cu+ ions, a complete recombination at the
walls 共anode and cathode兲 is assumed, i.e., a sticking coeffi+
cient equal to 1, nCu = 0.
D. Monte Carlo model for the fast Cu+ ions

The MC simulation for the Cu+ ions is carried out in a
similar way as for the Ar+ ions,33 i.e., they are followed only
as fast particles inside the CDS. The Cu+ ions start at the
CDS-negative glow 共NG兲 boundary or within the CDS with
an assumed initial energy of 0.05 eV and a velocity direction
parallel to the electric field. For the ions starting at the
CDS-NG interface the initial position is determined from the
radial and axial Cu+ ion flux diffusing from the NG to the
CDS, as calculated in the Cu, Cu+ fluid model 共see Sec.
II C兲. As a result of the electron-impact ionization, Penning
ionization, and ACT collisions, some new ions are created
inside the CDS. The initial position of these ions is obtained

from the corresponding ionization rates 共calculated in the
fast electron MC model and in the Cu, Cu+ fluid model,
respectively兲. During each time step the trajectory of the ions
is calculated with Newton’s laws:
r = r0 + v0⌬t +

qEf 2
⌬t ,
2mCu

v = v0 +

qEf
⌬t,
mCu

共7兲

where Ef is the electric field, mCu is the Cu atomic mass, q is
the particle charge, ⌬t is the time interval, and r0, v0 and r , v
are the position and velocity vectors before and after ⌬t respectively. The only collision process considered for the fast
Cu+ ions was the elastic collision with the background Ar
atoms. In Lindhard’s differential scattering cross section, no
difference was made for neutral or charged projectiles.
Therefore, we have applied the same analytical formula for
the calculation of the Cu+ ion elastic cross section as for the
fast Cu atom cross section. Hence, for determining the occurrence of collisions and also the energy and velocity direction after collisions, the same assumptions as for the Cu f
were made. This procedure is repeated until the Cu+ ions
collide at the cathode walls or the anode, where they are
neutralized and disappear from the calculations. As a result
of Cu+ ion elastic collisions with the background Ar atoms,
Ar f can be formed. These Ar f are followed in the MC model
for Ar+ ions and Ar f in the same way as is described in Ref.
33
E. Coupling of the submodels

The various submodels are coupled to each other due to
the interactions between the different plasma species. Hence,
the output of one model is used as input in the other models
and the models are run iteratively, until convergence is
reached. The latter is determined by the difference in the
total current to the anode in two successive iterations, which
should be below 0.05%. Typically, three to four iterations
were carried out before convergence was reached.
III. RESULTS

The models were applied to a HCD consisting of a cylindrical cathode closed at one end and a disc anode at the
other end separated by 0.2 cm 共see Fig. 1 of Ref. 38兲. The
discharge conditions assumed in the model were taken from
experiment, i.e., the gas pressure was varied from
0.3 to 1.0 Torr, the discharge current ranged from
1 to 10 mA, and a discharge voltage between 240 and 300 V
was applied to the cathode, whereas the anode was grounded.
The gas temperature was assumed to be 300 K.
A. Fluxes of bombarding species at the cathode

The sputtered flux from the cathode 关Eq. 共1兲兴 is determined by the flux energy distribution of the heavy particles
bombarding the cathode 关i.e., atoms and ions from the discharge gas, as well as ions from the cathode metal 共so-called
self-sputtering兲兴, multiplied with the sputtering yield. The
relative importance of Ar+ ions, Ar f , and Cu+ ions for the
sputtering process can be inferred from Fig. 1, where the flux
energy distributions at the hollow cathode surface are plotted
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FIG. 1. Calculated flux energy distribution of the Ar+ ions, Ar f , and Cu+
ions bombarding the cathode surface at 0.3 Torr and 9 mA.

for a discharge current of 9 mA and a pressure of 0.3 Torr,
which is a representative example for all the conditions investigated. The Ar f have a dominant role, but only at low
energies, because their energy distribution decreases rapidly
with increasing energy. The same is true, but less pronounced
for the Ar+ ions. The Cu+ ion energy distribution function
shows the opposite behavior, because it increases with rising
energy. Nevertheless, the Cu+ ion flux is always several orders of magnitude lower than the Ar+ ion and Ar f fluxes.
Hence, in the concerned energy range, the highest flux at the
cathode corresponds to the Ar+ ions. Keeping in mind that
there is a threshold energy for the sputtering to occur,39 and
that the sputtering yield is an increasing function of the bombarding energy up to energies of 1000 eV,47 the sputtered
flux will be little for low bombarding energies. Integrated
over the total energy range the contribution of the Ar+ ions to
the sputtering was found to be the most significant, followed
by the Ar f . For example, at the condition under study, the
Ar+ ions and Ar f contribute about 85% and 15% to the total
amount of sputtering, respectively. The role of self-sputtering
was found to be negligible 共less than 0.1%兲.
The relative contribution of the Ar f rises slightly with
decreasing current at low pressures. Indeed, when the discharge current drops, the CDS length increases, hence the
Ar+ ion elastic collision rate inside the CDS increases, and
consequently, the ratio of Ar f flux to Ar+ ion flux increases as
well.
As the pressure rises, the situation changes. At low currents, the sputtering is almost completely caused by the Ar+
ions, due to the low energy of the fast atoms. Indeed, with
increasing pressure, the Ar+ ion elastic collision rate increases, and consequently, the amount of Ar f increases, as
before. However, the discharge voltage decreases as well 共at
constant current兲, hence the mean energy of the Ar+ ions
drops, and therefore, also the energy transferred to the Ar
atoms. Moreover, the fast-atom energy relaxation length 共determined by the elastic collision cross section兲 decreases and
becomes smaller than the CDS length. Hence, the energy of
the fast atoms, when they strike the cathode, drops below the
sputtering threshold.
It is interesting to notice that, while the Ar+ ion and Ar f
energy distributions peak at low energies, the Cu+ ion energy
distribution peaks at the maximum attainable energy, i.e., at
the energy corresponding to the cathode fall potential. This is
so, because the energy relaxation length of the Cu+ ions

Cu
Cu
FIG. 2. Calculated ejected 共jsput
兲, back diffusion 共jdiff
兲, and net sputtered
Cu
兲 Cu-atom axial 共a兲 and radial 共b兲 fluxes at the cathode bottom and
共jnet
sidewalls, respectively, at 0.3 Torr and 9 mA.

+

共Cu 兲 is similar to the CDS length 共d兲, while the energy
relaxation length of the Ar+ ions was found to be about sixtimes lower than d. For example, at 0.3 Torr and 9 mA, our
+
calculations predict d = 0.18 cm and Cu = 0.15 cm, while
+
Ar = 0.03 cm. Moreover, due to the difference in mass between the Cu+ and Ar+ ions, the maximum energy transfer of
Cu+ ions to the discharge gas atoms will be less than for the
Ar+ ions. Hence, the Cu+ ions traverse the CDS without
many collisions with the gas atoms, while the collision frequency of the Ar+ ions is higher and the energy transfer to
the discharge gas more effective. Experimentally, this was
also suggested by Hang and Harrison,48 based on metal ion
measured intensity profiles in glow discharges 共GDs兲, and it
corresponds also to findings by experimental and modeling
work in planar GDs.44,49
B. Flux of sputtered atoms

The net flux of sputtered Cu atoms at the cathode consists of two contributions, one due to the ejected 共sputtered兲
energetic atoms and another due to the transport by diffusion
of the thermalized Cu atoms back to the cathode. In Fig. 2
the sputtered 共ejected兲 flux, the back-diffusion flux, and the
net sputtered Cu-atom flux at the cathode are plotted at
0.3 Torr and 9 mA as a representative example for all the
conditions investigated.
At the cathode bottom, 关Fig. 2共a兲兴 the ejected flux is very
low at the border 共r = 0.5 cm兲 and increases toward the center, where it stays almost constant. The flux due to back
diffusion of the thermalized Cu atoms shows a sharp maximum at the center, decreasing very rapidly with the radial
distance. The diffusion flux is always directed toward the
cathode 共i.e., back diffusion兲, as the density of thermalized
atoms decreases in that direction, which is likely expected
because of the relatively high energy 共between 5 and
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FIG. 4. Calculated net sputtered Cu-atom flux, integrated over the complete
cathode surface, as a function of electrical current and at four different
pressures.

FIG. 3. Calculated depth profile at the cathode sidewalls after sputtering for
5 h 共a兲, compared to the electric-field distribution at the sidewalls 共b兲, at
0.3 Torr and at four currents.

15 eV兲50 of the atoms when sputtered from the cathode. Over
the entire bottom surface, the back-diffusion flux predominates over the ejected flux. This results in a net flux of atoms
Cu
is negative兲.
redepositing at the cathode bottom 共jznet
At the cathode sidewalls 关Fig. 2共b兲兴, the ejected Cu atom
flux is very low at the “cathode corner” 共z = 0兲; it reaches a
maximum at about 0.7 cm from the cathode bottom 共i.e., in
the first half of the cylinder兲 and then it decreases toward the
anode. Note that a negative flux now indicates a flux away
from the cathode surface and this is opposite from the axial
direction 共sputtering from the cathode bottom兲. The backdiffusion flux predominates over the ejected flux only at the
region close to the bottom and at the open end of the cathode, where only the diffusion flux is present. Hence, there is
Cu
is negative兲,
a net sputtering from the cathode sidewalls 共jrnet
except near the open end and especially near the cathode
Cu
is
bottom, where there is significant redeposition 共jrnet
greatly positive兲.
This spatial behavior of the sputtered flux is common for
all the discharge conditions investigated here: Along the bottom and sidewalls, the profile of the Cu atom fluxes 共ejected,
back diffusion, and net flux兲 is rather nonuniform. At the
cathode bottom, there is a net flux of redeposition instead of
sputtering. At the cathode sidewalls, the various fluxes are
larger near the closed end of the hollow cathode. This is a
direct consequence of the strong axial and radial electric field
here, whereas in the rest of the CDS belonging to the cathode
sidewalls, only the radial component of the electric field is
strong 共except at the open end兲. From the comparison of
Figs. 3共a兲 and 3共b兲 we can indeed see that the cathode depth
profile 关Fig. 3共a兲兴 due to the net sputtered flux at the cathode
sidewalls reflects the spatial distribution of the electric-field

strength at the cathode sidewalls. A weak radial electric field
corresponds to a large amount of redeposition because of the
small bombarding flux.
Our calculated Cu-atom depth profiles are consistent
with the experimental observations of cut hollow cathodes,
which show that the deeper crater is found in the first half of
the HCD, i.e., that part of the HCD near the bottom 共see, for
example, Figs. 9 and 14 from Ref. 5 and Fig. 6 from Ref.
22兲, and that the cathode bottom after sputtering is thicker
than before.
Integrated over the entire cathode surface 共i.e., bottom
and sidewalls兲, the net sputtered Cu-atom flux corresponds to
about 20% of the total ejected flux at 0.3 Torr, due to the
large amount of redeposition. It should be mentioned that the
net sputtered flux from the cathode sidewalls represents 23%
of the total ejected flux. This means that a certain fraction of
the atoms ejected from the sidewalls redeposits at the cathode bottom. This ratio of about 20% was found the same for
all values of the discharge current. Indeed, with decreasing
current 共at constant pressure兲, the net sputtered Cu-atom flux
drops 关see Figs. 3共a兲 and 4兴, because a decrease in current
means a lower discharge voltage 共at constant pressure兲 and
lower particle fluxes, hence a drop in the flux energy distribution. However, the ratio of the net sputtered flux to the
ejected flux stays nearly constant.
With increasing pressure, when the current is held constant, the net ejected flux of Cu atoms decreases 共see Fig. 4兲,
but the ratio of the net sputtered flux to the total ejected flux
rises slightly. For example, at 1 Torr, the net sputtered flux
represents about 26% of the ejected flux, while at 0.3 Torr it
was found to be around 20%. This can be explained as follows: when the pressure increases at constant current, a
lower voltage is needed to sustain the discharge, implying a
shift of the flux energy distribution to lower energies, hence
less sputtering, but at the same time, due to the increase in
pressure, the diffusion drops, hence the back diffusion is
slightly reduced.
C. Density of the Cu atoms

The ejected Cu atoms transfer most of their initial energy
共typically 5 – 15 eV兲 very efficiently to the background discharge gas and, consequently, the majority of the sputtered
atoms become thermalized already after a few collisions.
This is clear from Fig. 5共a兲, which shows that the nonthermalized Cu-atom density profile has a maximum adjacent to
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FIG. 5. Calculated two-dimensional density profiles of the nonthermalized
共a兲 and thermalized 共b兲 Cu atoms at 9 mA and 0.3 Torr.

the cathode walls and becomes negligible after 1 – 2 mm
from the cathode surface. Also the thermalized Cu-atom density profile 关Fig. 5共b兲兴 exhibits a maximum near the cathode
walls, i.e., at about 1.2 mm for a discharge at 0.3 Torr and
9 mA. The total Cu-atom population is given by the sum of
both groups: the nonthermalized and the thermalized Cu atoms. It should be noted that the density of the nonthermalized Cu atoms is much lower than that of the thermalized
atoms: even at its maximum, it is still one order of magnitude lower, and throughout the discharge volume, their density is negligible compared to the thermalized Cu-atom density. Hence, the profile of the total Cu-atom density
resembles closely the corresponding thermalized Cu-atom
density profile, as can be seen from Fig. 6共a兲, which shows
the total Cu-atom density profile at 9 mA and 0.3 Torr.
Figure 6 illustrates the total Cu-atom two-dimensional
density profiles at 0.3 Torr and four different currents, and
Fig. 7 shows the density profiles at 9 mA and four different
pressures. In general, the total Cu-atom density peaks at the
cell axis, close to the bottom surface. A second maximum is
found between 0.5 and 1.5 cm from the cathode bottom, very
close to the cathode sidewalls. Around the cylinder axis,
away from the cathode bottom and sidewalls, the Cu-atom
density is very low. At all the conditions investigated, the
largest concentration of Cu atoms was always found in the
lower half of the HCD, where the bombarding fluxes of energetic Ar+ ions and atoms were at maximum 共see above兲.
As it appears from Fig. 6, the Cu population decreases
with decreasing discharge current at constant pressure, because the sputtered flux drops. At 0.3 Torr and all currents
investigated, the maximum density is always reached at
around 1 mm from the cathode surface, both from the cathode bottom and the sidewalls. Due to the increase of the
CDS length at lower currents, the maximum of the Cu-atom
density at the cathode sidewalls shifts in the direction of

FIG. 6. Calculated two-dimensional profiles of the Cu-atom density at
0.3 Torr and four different currents: 9 共a兲, 6 共b兲, 2 共c兲 and 1 mA 共d兲.

increasing z, from z = 1 cm at 9 mA to z = 1.5 cm at 1 mA. At
1 mA, a region of very low density appears at a distance of
0.6 cm from the cathode bottom, as if two independent zones
of sputtering exist in the discharge, one due to the cathode
bottom and another due to the cathode sidewalls.
It is clear from Fig. 7 that with increasing pressure, the
Cu-atom population decreases and its maximum near the
cathode bottom is found somewhat closer to the cathode surface, i.e., at 1, 0.7, 0.5, and 0.3 mm from the cathode bottom
for 0.3, 0.53, 0.76, and 1 Torr, respectively. The reason is
that the thermalization happens faster due to the decrease of
the Cu mean free path.
Also, with increasing pressure, the first maximum near
the cathode bottom drops, but the second maximum near the
cathode sidewalls increases. For example, at 0.3 Torr 关Fig.
7共a兲兴 the maximum Cu-atom density, in front of the cathode
bottom, is 2.5 times higher than the second peak at the cathode sidewalls. At 0.76 Torr, 关Fig. 7共c兲兴 both density peaks,
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Moreover, at higher pressures, the drop in the density in
the axial direction, as well as in the radial direction, is much
more pronounced. This results in a significant dip at the cylinder axis, and in much lower Cu density values near the
open end of the cylinder. For example, at 9 mA and 0.3 Torr
the calculated Cu density at the cylinder axis, at z = 3 cm, is
approximately 109 cm−3, while at 1 Torr it has dropped to
5 ⫻ 107 cm−3, at z = 3 cm.
It is interesting to notice that, at a pressure of 1 Torr, a
third 共small兲 peak appears near the cathode sidewalls at z
= 1.8 cm 关see Fig. 7共d兲兴, indicating that regions of higher
metal density alternate with regions of lower density. In our
opinion, the main reason for this spatial dependence of the
Cu-atom density is the nonuniform distribution of the ion
velocity at the cathode sidewalls, which is ultimately determined by the spatial distribution of the electric field. It
should be pointed out that regions with well-defined different
microstructure along the hollow cathode surface, as well as
the formation of consecutive hollow spheres along the cathode sidewalls, have also been observed experimentally.5,22,51

D. Ionization processes of Cu atoms

FIG. 7. Calculated two-dimensional profiles of the Cu-atom density at 9 mA
and four different pressures: 0.3 共a兲, 0.53 共b兲, 0.76 共c兲, and 1.0 Torr 共d兲.

near the cathode bottom and the sidewalls, have similar values, around 5 ⫻ 1010 cm3. At still higher pressures 关1 Torr,
Fig. 7共d兲兴 the maximum population of Cu atoms is found in
front of the cathode sidewalls. This is probably the consequence of the lower diffusion with increasing pressure. At
1 Torr, the ejected 共sputtered兲 Cu-atom flux from the cathode
bottom represents 8% of the total ejected flux, integrated
over the entire cathode surface, which corresponds exactly to
the ratio of the cathode bottom area to the total area of the
cathode cylinder. At 0.3 Torr, the ejected flux from the bottom represents only 2% of the total ejected flux. Moreover, at
the cathode bottom, there is no net sputtered flux, but a net
redeposition flux. Hence, the shift in the position of the Cuatom maximum density from near the cathode bottom to near
the cathode sidewalls when the pressure increases cannot be
a consequence of the lower sputtering from the cathode bottom, because the latter, in fact, increases. For this reason, we
think it is due to lower diffusion.

The ionization mechanisms for Cu atoms included in the
model are Penning ionization by Arm, ACT by Ar+ ions, and
共fast兲 electron-impact ionization. The electron-impact ionization rate was calculated directly in the MC model for the fast
electrons through the energy-dependent cross section, while
the ionization rates for Penning ionization and ACT collisions were calculated through the corresponding collision
rate coefficients and the calculated Arm and Ar+ ion densities,
respectively. The rate coefficients of ACT and Penning ionization are in the same order of magnitude, hence, the difference in the corresponding collision rates is mainly given by
the Arm and Ar+ ion density distributions throughout the discharge. Therefore, in order to calculate accurate values for
these rates, realistic Ar+ ion and Arm densities are needed.
The Ar+ ion density can be considered to be more or less
correctly calculated in our model, as a very good agreement
between calculated and measured current-voltage and spectrometric properties of the discharge was obtained 共see Ref.
38 for more details兲.
Concerning the Arm density, in the present work, we
have extrapolated the suggestion made in Ref. 37 for the
production of Ar metastable atom density at 1 Torr to the
other pressures, 0.53 and 0.76 Torr. Indeed, if we assume
that at 1 Torr, the production of the collective Ar metastable
level 共3 P2 and 3 P0 levels兲 by fast electrons, fast Ar+ ions, and
Ar f is only due to direct excitation from the ground state,
while at 0.3 Torr, it arises from contributions of direct excitation from the ground state as well as from cascading of the
higher-lying states, then it seems straightforward to use some
intermediate production rate for the metastable population at
0.53 and 0.76 Torr. In practice, this corresponds to reducing
the total production rate by some factor, i.e., by 20% at
0.53 Torr and by 40% at 0.76 Torr. The resulting calculated
densities were then in good agreement with the experimental
values 共see Ref. 37 for more details兲 and are used here to
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FIG. 8. Calculated two-dimensional collision rates of Cu atoms due to
electron-impact ionization 共a兲, Penning ionization 共b兲, Ar+ ion ACT collision
共c兲, and total Cu ionization rate 共d兲 at a pressure of 0.3 Torr and a current of
9 mA.

calculate the Penning ionization rate. Hence, we expect that
the Penning ionization rate in our model yields also realistic
values.
To illustrate the relative importance of the different ionization mechanisms throughout the discharge, the twodimensional rate profiles of electron-impact ionization, Ar+
ion ACT, and Penning ionization are presented in Fig. 8 for a
discharge at 9 mA and 0.3 Torr.
The maximum of all the ionization rates was found
around the cylinder axis and at few millimeters from the
cathode bottom. Throughout the rest of the discharge, the
spatial distribution of the ionization rates is somewhat different. The electron-impact ionization rate 关Fig. 8共a兲兴 is low
near the cathode sidewalls and increases towards the NG,
since the electrons are accelerated away from the cathode
and reach their maximum energy at the end of the CDS.
Hence, in spite of the fact that the Cu-atom density is high

near the cathode surface, the electron-impact ionization rate
is low here, since there are not enough energetic electrons. In
the NG, the electron-impact ionization rate of the Cu atoms
is more or less uniformly distributed. This is a consequence
of the oscillatory movement of the electrons between the two
opposite CDS regions and the fact that the Cu ionization
threshold 共i.e., 7.7 eV兲 is low compared to the maximum
achievable electron energy, so that in the entire NG, there are
enough electrons with sufficient energy for Cu ionization.
In the CDS, Penning ionization is the main ionization
mechanism for the Cu atoms, as the density of the Arm is one
order of magnitude higher than the Ar+ ion density in this
region. The Penning ionization rate peaks at the CDS-NG
interface 关see Fig. 8共b兲兴. Throughout the NG, Penning ionization is still the most important ionization mechanism, but
ACT is only slightly less important. This is likely expected
since the densities of the Ar+ ions and Arm are similar in
value and both densities peak at the discharge axis. Compared to the spatial profile of the Penning ionization rate, the
maximum of the ACT profile is shifted toward the cylinder
axis and is also more concentrated on the first half of the
HCD 关see Fig. 8共c兲兴. This is the result of the Ar+ ion density
profile, which exhibits a similar behavior,38 while the Arm are
more uniformly distributed in the axial direction.37
Integrated over the entire discharge volume, Penning
ionization was calculated to be the dominant ionization
mechanism of the Cu atoms, for all the conditions investigated, followed by ACT and electron-impact ionization. For
example, at 9 mA and 0.3 Torr, the relative contribution of
Penning ionization, ACT, and electron-impact ionization
amount to 78%, 18%, and 4%, respectively. With decreasing
current, at constant pressure, the role of Penning ionization
still increases, as the densities of the Ar+ ions and electrons
decrease much faster with current than the Arm density. For
the lower currents investigated 共1 and 2 mA兲 at 0.3 and
0.53 Torr, Penning ionization is almost completely responsible for the Cu-atom ionization 共i.e., 86% and 91% at 2 and
1 mA, respectively兲. With increasing pressure, at constant
current, the opposite tendency is observed. As the pressure
rises, the density of the Ar+ ions and electrons increases,
while the Arm density decreases. Moreover, due to the higher
electron density, the loss of metastable atoms by thermalelectron quenching becomes more important at higher pressures and currents. Hence, at higher pressures and currents,
the radial profiles of the Arm change, compared with the
profiles at low pressures. Indeed, the Arm density then shows
a minimum at the position where the slow-electron density
has a maximum, i.e., at the discharge axis. Therefore, the
relative importance of Ar+ ion ACT in the NG increases.
However, integrated over the entire HCD volume, Penning
ionization is still the main production mechanism of Cu+
ions. For example, for a discharge at 1 Torr and 9 mA, the
relative contribution of Penning ionization, ACT, and
electron-impact ionization amount to 68%, 26%, and 6%,
respectively.
E. Density of the Cu+ ions

The ion population is the result of both the density and
the ionization efficiency of the sputtered atoms. Figures 9

Downloaded 27 Oct 2005 to 192.42.124.31. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp

033303-10

J. Appl. Phys. 98, 033303 共2005兲

N. Baguer and A. Bogaerts

+

FIG. 9. Calculated two-dimensional profiles of the Cu ion density at
0.3 Torr and four different currents: 9 共a兲, 6 共b兲, 2 共c兲, and 1 mA 共d兲.

and 10 illustrate the two-dimensional Cu+ ion density profiles at 0.3 Torr and four different currents and at 9 mA and
four different pressures, respectively. Compared to the Cuatom spatial distribution, the Cu+ ion population is more
shifted in the radial direction toward the axis, because the
ionization is mainly caused by Penning ionization and ACT
共see above兲 and the densities of the Arm and Ar+ ions are low
near the cathode wall. At 0.3 Torr and 9 mA the Cu+ ion
density profile peaks at the cylinder axis in the lower half of
the cylinder. Further away from the cathode bottom, the Cu+
ion density profile shows a small dip at the cylinder axis and
two small maxima at both sides off axis 共donut shape兲, as can
be observed in Fig. 9共a兲. With decreasing current, the Cu+
ion density drops drastically close to the bottom cathode and
the two small peaks off axis begin to merge 共i.e., the donut
closes in the middle兲. At low currents, the maximum population is found at the center of the discharge 关Fig. 9共d兲兴.

FIG. 10. Calculated two-dimensional profiles of the Cu+ ion density at
9 mA and four different pressures: 0.3 共a兲, 0.53 共b兲, 0.76 共c兲, and 1.0 Torr
共d兲.

With increasing pressure 共see Fig. 10兲, the Cu+ ion population decreases and becomes concentrated almost completely in the lower half of the cylinder. In the radial direction, the density profiles do not change very much, i.e., they
exhibit two peaks at high currents 共see Fig. 9兲 and a common
peak at the cylinder axis, at low currents.
The ionization degree of the Cu atoms was found to be
around 10−5 for all conditions investigated. In the case of Ar
atoms, the ionization degree was in the same order. Therefore, the relation of the Cu+ ion population to the Ar+ ion
population is similar to the ratio of the Cu atom to Ar atom
population and is in the order of 10−4.
IV. CONCLUSIONS

We have developed a model to describe the behavior of
the sputtered Cu atoms and Cu+ ions in a HCD. It was found
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that the energetic Ar+ ions play the most important role for
the sputtering of the cathode. The role of self-sputtering was
negligible, in contrast to planar GDs, where the contribution
of self-sputtering was typically in the order of several
percentages.52 At the cathode bottom, there is no net sputtered flux, but there is a net amount of redeposition, while at
the cathode sidewalls, redeposition predominates only close
to the cathode bottom and near the open end towards the
anode. Throughout the discharge volume, at all the conditions investigated, the largest concentration of Cu atoms was
found in the lower half of the HCD, close to the bottom, at
some distance from the cathode surface 共both at the cathode
bottom and at the cathode sidewalls兲. At low pressures, the
Cu-atom population is more uniformly distributed along the
discharge length, and the density profiles show a maximum
at the cylinder axis, close to the cathode bottom, while at
higher pressures, the maximum was found close to the cathode sidewalls. Moreover at 1 Torr, regions of high Cu-atom
density alternate with a region of low density, which corresponds to the formation of the characteristic consecutive hollow spheres observed experimentally in HCDs. Penning ionization was found the main ionization mechanism for the Cu
atoms, followed by Ar+ ion ACT. The ionization degree of
the Cu atoms was found to be in the order of 10−5 for all
conditions investigated.
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