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Abstract 

Direct current (DC) discharges are widely used for sputtering of metals such as molybdenum or tungsten 

and formation of respective thin films on various types of substrates. Sputtering rate and deposition 

quality are increased by enhancing the discharge employing a static magnetic field such as within planar 

magnetrons. As a drawback and consequence of the distribution of the magnetic field target erosion 

becomes significantly non-uniform and overall target utilization is usually low. 

Within the present work an implementation of a numerical model allowing to predict target erosion by 

means of resolving the distribution of ionization collisions and ion bombardment is shown. The model 

taken from literature is formulated in spirit of discrete models portraying the trajectories of energetic 

electrons in the discharge using a Monte Carlo approach. Using cross-sections formulated in terms of 

kinetic energy, collisions and scattering of electrons are modeled in a discrete fashion at random time-

instants. 

Furthermore, the model is modified by accounting for the collisions in a "smeared" rather than in discrete 

fashion by introducing a frictional force acting on the electrons still concisely accounting for the cross-

sections of the considered collisions. Application of both the discrete and modified model is shown by 

means of a benchmark example from literature, thus, founding the theoretical basis for intended future 

optimizations of target erosion in DC magnetron sputtering applications. 
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Introduction 

Sputtering processes allow formation of thin film depositions on various types of substrates by 

continuously eroding material such as molybdenum or tungsten from a target through ion bombardment. 
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parameter for the layout of the electrodes, target and permanent magnet array with axisymmetric and 

rectangular designs with curved end sections being most common. 

Depending on the shape of the confinement zone target erosion becomes non-uniform in the plane 

normal to the drift direction due to inhomogeneous density distribution of electrons able to perform 

ionization and consequently inhomogeneous distribution of ion bombardment. This is seen by the 

characteristic erosion profiles in sections normal to the drift direction and the characteristic racetracks 

found along the latter [2]. On the other hand, inevitable varying magnetic field intensities along the mean 

drift direction may lead to undesired cross corner effects occurring due to irregular drift velocity 

distribution and ionization probability at the curved end sections of rectangular targets [2]. 

Thus, as a drawback, target material is only utilized to a certain degree and non-uniform target erosion 

becomes a limiting factor. In view of this, various attempts have been made in the past to understand 

and study the mechanisms taking place in magnetically enhanced DC discharges and to improve the 

design of magnetrons in order to increase target utilization and lifetime. Such attempts are found both in 

the experimental and theoretical field by means of appropriate models and their analytical or numerical 

solution. On the other hand, modeling of discharges also allows to investigate effects and measure 

quantities not directly accessible or measurable by means of experiments. 

The present work is motivated by efforts to improve lifetime of rectangular molybdenum targets used 

within planar magnetrons similar to the one depicted in Fig. 1. To this end, a numerical model of a 

magnetically enhanced DC discharge is developed, which should allow to predict the flux of bombarding 

ions which in turn can be used as a proxy for predicting the sputtering rate and consequently target 

erosion [3]. Application of the model should then allow for optimization of the magnetron with respect to 

increased target lifetime by controlling the magnetic field. 

Numerical Methods for Plasma Modeling 

Commonly discharges and plasmas are modeled based on either a (i) discrete, (ii) kinetic, or (iii) fluid-

type description [4] with various hybrid forms of these basic classes. Discrete and kinetic approaches 

describe the plasma on a microscopic scale in terms of individual charged particles, i.e. electrons and 

ions, subjected to the Lorentz forces arising from the electromagnetic fields and inter-particle collisions. 

Kinetic approaches such as the particle in cell (PIC) method are usually based on a self-consistent 

plasma description with the charge density arising from electron and ion densities governing the 

underlying electric field which in turn determines the forces acting on the charged particles. In contrast, 

discrete approaches ‒ usually implemented by means of Monte Carlo (MC) codes ‒ try to trace a 

representative set of charged particles released in stochastic fashion and subjected to electromagnetic 

forces from reasonably assumed and imposed rather than self-consistently determined fields. 

On the other hand, fluid-type models describe the plasma on a meso-scale based on the Boltzmann's 

equation. With the latter being a complicated integro-differential equation in the six-dimensional phase 

space (in terms of particle velocities and positions) significant simplifications such as the two-term 

approximation [1] need to be made to solve for it. This allows to describe the plasma as a fluid defined in 

terms of electron density and mean electron density fields using meso-type constitutive properties 

(diffusivity and mobility) derived from an underlying electron energy distribution function (EEDF) [1, 4]. 

Fluid-type descriptions are usually based on finite element (FEM) or finite volume methods and allow to 
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with a = d2x/dt2 and v = dx/dt as the particle acceleration and velocity vector, respectively. For given 

electric and magnetic fields the position x(t) of a charged particle can be solved for as a function of time t 

by means of numerical integration of the ordinary differential equation (ODE) (1). It is noteworthy that 

due to the magnetic term in (1) a charged particle experiences an azimuthal force even for axisymmetric 

electromagnetic fields with vanishing azimuthal components E = B = 0. 

Equation (1) can be analyzed independently both for electrons (q = -e; m = 1 me) and positive Ar+ ions 

(q = +e; m = 40 u ≈ 72,915 me) with appropriate initial conditions: For the electrons initial positions can 

be assumed on the cathode surface z(t = 0) = 0 according to the primary mechanism of electron 

generation as a consequence of ion bombardment of the cathode surface, whereas Ar+ ions are primarily 

generated in the plasma, i.e. z(t = 0) > d with d as the sheath thickness. Inserting the electromagnetic 

fields given in the previous section into (1) it can be seen that electrons will swirl in more or less helical 

orbits above the cathode and about the axis of the magnetron, whereas the heavy Ar+ ions are hard to 

magnetize [3]: Their response to the magnetic field is negligible and they almost travel along the electric 

field lines, i.e. normally onto the cathode surface without significant radial and azimuthal displacement. 

The different response can be explained by the difference in the gyro radii of electrons and ions: 

whereas for electrons the gyro radius is in the range of a few millimeters, it is in the range of meters for 

the ions under the given magnetic field. 

From this it can be concluded that the radial and azimuthal position of an ionization event 

e + Ar → 2e + Ar+ taking place in the plasma will also determine the respective later position of the Ar+ 

ion hitting the cathode and consequently the position of probable sputtering and secondary electron 

emission. Furthermore, it can be observed that most of the electron orbits are not ideally helical since 

their gyro radius of a few mm is of the same order of magnitude as the characteristic length of the 

electromagnetic field [3]. 

Depending on the initial position of electrons on the cathode surface one can see that some electrons 

are lost after a short time, whereas others are confined by the electric and magnetic fields, which allows 

them to perform a large number of ionizations [3]. Hence, one can conclude that a higher density of 

ionization events will take place within a well established confinement zone and consequently higher 

sputtering and target erosion rates will be found right below this region. 

Equation (1) describes the motion of charged particles without consideration of inter-particle collisions 

such as the ones occurring between electrons, between electrons and ions as well as between electrons 

and neutrals. Electron-ion collisions [3] and electron-electron collisions [7] usually can be neglected for 

weakly ionized plasmas because of the low electron and ion density (as compared to the one of neutrals) 

leading to a rather low probability for these collisions to take place. Consequently, in a further step the 

discrete model is enhanced in order to account for collisions between electrons and neutrals, i.e. Ar 

atoms. This not only allows to resolve representative discrete positions of ionization events but also 

provides a mechanism for scattering of electrons out of the confinement after a finite time that otherwise 

would be indefinitely be trapped within this region [3], which would be physically questionable. 

For the present model the following electron-neutral collisions as summarized in Table I are taken into 

account: elastic collisions, excitations, and ionizations, whereas others such as superelastic scattering, 

two-step, and penning ionizations are neglected [3]. Besides reducing the kinetic energy and velocity 
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magnitude of the impinging electron the collisions lead to scattering of the electrons, i.e. to a change of 

the velocity direction vector. The energy loss depends on the type of collision: for ionization of ground 

state Ar it amounts to 15.8 eV plus the kinetic energy of the secondary released electron; for excitation it 

depends on the level of energy to which the Ar atom is excited (11.5 - 15.8 eV); for elastic scattering it is 

proportional to the mass ratio of the electron and the Ar atom, which is me/M ≈ 1.37·10-5. According to 

classical collision theory collisions are characterized by differential cross-sections dc/d [1] (in units of 

area/steradian) serving as a measure for the probability of a given collision to take place and to scatter 

the impinging electron to a particular angle . The differential cross-sections are different for each type of 

collision and depend on the kinetic energy of the impinging electron. Integration of the differential cross-

section yields the integrated cross-section c (in units of area) serving as a measure for a particular 

collision to take place. From summation of the integrated cross-sections c,i over all i = 1, …, P types of 

collisions the total collision cross-section  is obtained. 

From the above analysis of collisionless orbits of charged particles it can be concluded that it is sufficient 

to know the ionization positions in order to determine the sputtering and erosion locations. Hence, this 

allows to solely trace the electrons' orbits based on (1) with considering the collisions as discontinuities 

in the velocity vector v. To this end, within the model collision events are triggered at random time 

instants for all electrons under consideration rather than modeling a "physical" collision between an 

electron and a neutral. Collisions are triggered by comparing random numbers ‒ sampled for all 

electrons for each time step used for numerical integration of (1) ‒ to the probability per time step of a 

collision to occur. The latter is continuously computed from the total cross-section of the electron based 

on its kinetic energy. If a collision is found to take place, the collision type is determined using another 

random number compared to the relative probability of each collision type. The colliding electron's 

velocity vector v in equation (1) is then reinitialized according to the energy loss corresponding to the 

particular type of collision and scattering angle . The latter is determined from a third random number 

that is compared to the relative probability for a particular angle based on the differential cross-section 

dc/d The latter are taken as the ones for elastic scattering given in [8] and are assumed to be 

approximately valid in a relative sense for all three types of collisions [3]. Individual integrated cross-

sections c for the considered collisions are taken from [9]. Energy losses due to the inelastic collisions 

are assumed to be constant and taken as the respective threshold energies (see Table I). If a particular 

electron undergoes an ionization collision, its current position representing the spatial ionization location 

is stored and used to update statistical quantities such as the corresponding mean value and standard 

deviation. 

 

 

Table I: Types of collisions considered within the discrete electron model 

type of collision formula threshold energy [eV] 

elastic scattering e + Ar → e + Ar 0 

excitation e + Ar → e + Ar* 11.5 

ionization e + Ar → 2e + Ar+ 15.8 
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Implementation 

The presented model is implemented in spirit of the concepts of Monte Carlo codes using the scientific 

computation environment Comsol Multiphysics [4] which allows to model the entire problem within a 

single framework: using its finite element capabilities the magnetic field and flux density B are solved for 

using a discretization of the magnetostatic problem in an axisymmetric domain within a first analysis step 

(see also Fig. 3), whereas the electric field E is prescribed according to the improved Child's law as a 

parameterized analytical function. Equation of motion (1) is implemented using the capabilities of the 

software in solving ODEs providing different time stepping schemes. This way, the trajectories of an 

arbitrary large set of me electrons are computed over a series of an arbitrary number of transient runs 

mrun. Time stepping for each run is achieved using an implicit BDF time stepping scheme [4] with a 

maximum step size of 50 ps over a maximum period of 2.5 s [3]. Electrons leaving the computational 

domain and electrons of very low kinetic energy are set inactive with their orbits not further traced. 

For each run electrons are released from the cathode surface in a random fashion accounting for the 

probability of the radial position of ion bombardment and secondary electron emission. To this end, a 

probability density function for the radial coordinate of electron emission is defined, which is constantly 

updated according to the positions of the ionizations having occurred so far. The probability density 

function has to be initialized for the first run (either based on an initial guess from a priori knowledge or 

simply based on a uniform distribution function) and considers the ionization statistics from all preceding 

runs for each of the subsequent ones. Experience from application of the model shows that the statistical 

measures converge quite fast such that an initial guess of particular quality is not required. 

The present implementation is very flexible in terms of the choice for the size me of the electron set and 

the number of consecutive runs mrun. In practice, choosing appropriate values becomes a trade-off 

between desired accuracy and required run-time. Setting me = 1 and mrun to an arbitrary integer in fact 

yields the scheme adopted in [3] tracing one electron at a time. Experience from application of the 

model, however, reveals that the cost for the time stepping procedure scales less than linearly in the 

number of electrons per run. Hence, it appears to be more economic ‒ still at the same accuracy ‒ to 

account for a significantly larger number of electrons used in a reduced number of consecutive runs. For 

example, for the axisymmetric magnetron under consideration it appears practical to assume me = 100 

and 5 ≤ mrun ≤ 10. 

 

Results 

Exemplary orbits of ten electrons (for the sake of clarity sampled from the considered set of me = 100 

electrons) are shown in Fig. 4 projected onto the rz-plane (top) and r-plane (bottom). Orbits are given 

over an initial period of 0.1 s for the first three runs mrun = 1…3 (from left to right). For the first run (left) 

uniform probability density for secondary electron emission over the radial coordinate of the cathode 

surface is assumed, whereas an updated function is used for the consecutive runs. Initial positions of 

electrons are indicated by square symbols, whereas the current positions (or the positions of rest of 

inactive electrons) are given by circles. It is clearly seen that electron emission density converges rapidly 

reducing the probability for emission of unconfined electrons: Within the first run (left) 50% of the 

electrons have left the computational domain after just 0.1 s since being unconfined by the 
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  = N  |v|. (3) 

Note that the frictional term in (2) acts parallel and in opposite direction to the current velocity vector of 

the electron. Hence, it tends to reduce the electron's velocity but does not allow to change its direction of 

motion. Consequently, scattering of electrons cannot be considered. This, however, is only of minor 

concern since equation (2) should be interpreted as an average trajectory of an infinite number of 

electrons having the same initial conditions ‒ in particular being emitted at the same radial position from 

the cathode surface ‒ rather than representing the orbit of a single electron. Since each of these 

electrons will experience collisions at different time instants and positions along its trajectory, 

equation (2) can be considered to describe an envelope over the infinite number of electrons. 

Solving for equation (2) rather than for (1) together with discrete collisions events exhibits the advantage 

that the time stepping procedure does not have to be stopped and re-initialization of the ODE to be 

performed from time to time. Furthermore, continuous sampling of random numbers and their 

comparison to probabilities becomes obsolete. This offers significant advantages in terms of 

computational performance and still guarantees acceptable accuracy. However, with collisions not 

explicitly resolved, locations of ionizations and ion bombardment on the cathode surface cannot be 

directly determined anymore. As a remedy rate equations are solved onto the same discretization used 

for ionization counting for the model with discrete collisions. Thus, histogram classes are now used as 

spatial finite element discretizations (with discontinuous finite elements using a single integration point) 

where relative probabilities for ionization events are integrated over all electrons currently found within a 

particular element. This way, probabilities for ionization within a particular spatial interval are determined 

which over the entire domain can be interpreted as ionization density distributions. 

Application of the modified model shows that most of the qualitative features of the radial and axial 

ionization profiles are resolved in almost the same fashion as by the model based on discrete collision 

events (Fig. 6). In particular, the mean value and standard deviation for the radial ionization positions are 

found to be 19.2 ± 3.2 mm. Hence, the position of the maximum ionization density and erosion rate are 

accurately resolved by the model, however, the radial extend is somewhat underestimated as indicated 

by the slightly lower standard deviation as can be seen from the somewhat narrower profile in Fig. 6a. 

This can be explained by the inability of the modified model to resolve scattering of electrons which 

otherwise allows electrons to step-by-step leave their confinement and perform at least some ionizations 

outside the latter. Despite of this circumstance the modified model yields reasonable results that can be 

obtained within a fraction of the run time required for the model based on discrete collision events. Thus, 

the model appears to be a suitable means to quickly study design modifications of a magnetron, for 

instance, in order to perform a required optimization. If an optimal configuration is found using the 

modified model, the refined model based on discrete collision events can then be applied for verification 

purposes. 



Fei

 

Fig

Th

pro

Su

A n

dis

for

va

sp

ch

Th

uti

for

co

ca

co

se

 

Fo

Sh

so

co

cro

the

rep

Re

1. 

ist, Plankenste

gure 6: Results
(b) along

his would re

obability fun

ummary 

numerical m

scharges is 

r sputtering 

rious subst

urious (re-)

aracterized

he model im

lization. To 

rmulated in 

mputation e

thode surfa

llisions are 

condary ele

or verificatio

heridan and

me tuning b

nsidered by

oss-section

e model is s

presents a s

eferences 

M.A. Liebe

Second Ed

einer, Linke et

s obtained from
g magnetron a

equire only a

nction as ob

model for st

implemente

and depos

rates. Thou

)depositions

d by rather n

mplemented 

this end, a 

the spirit of

environmen

ace with col

stored and 

ectron emis

on purposes

 coworkers 

being comp

y means of 

s as a funct

significantly

simplificatio

erman and A

dition, John 

t al.  

m modified mo
axis. 

a single run

btained from

udying the 

ed. Such di

ition of met

ugh allowing

s on the cat

non-uniform

in the pres

model sim

f a discrete 

nt. The mod

lisions takin

considered

ssion after p

s the presen

[3]. Perfect

putationally 

a frictional 

tion of kinet

y increased 

on it appear

A.J. Lichten

Wiley & So

18

odel: normaliz

 for a set of

m the modifi

mechanism

scharges a

als ‒ such a

g to be oper

hode and o

m target eros

ent work aim

ilar to the o

Monte Carl

el resolves 

ng place at d

d to represe

projection on

nt implemen

t agreemen

rather expe

force ‒ acti

tic energy ‒

still at acce

rs to be well

nberg, Princ

ons Inc., Ho

8th Plansee S

zed ionization 

f electrons w

ied model.

ms within ma

are employe

as the refra

rated at rela

other walls ‒

sion and low

ms at study

ne propose

rlo approach

trajectories

discrete ran

ent the locat

nto the cath

ntation is tes

nt with the re

ensive the m

ing on the e

‒ rather than

eptable accu

l suited for s

ciples of Pla

oboken (NJ)

Seminar 2013

density (a) alo

with initial c

agnetically e

ed in planar 

actory metal

atively low p

‒ sputtering

w target util

ying target e

ed by Sherid

h is impleme

s of high en

ndom time-i

tions of ion 

hode surfac

sted using t

eference re

model is mo

electrons an

n in discrete

uracy. Thou

studying de

asma Discha

), (2005) 

ong radial coo

conditions fo

enhanced d

magnetron

s molybden

pressure ‒ t

 processes 

ization. 

erosion and

dan and cow

ented within

ergetic elec

nstants. Lo

bombardm

e along the 

the referenc

sults is ach

dified in tha

nd accountin

e manner. T

ugh the prop

esign modifi

arges and M

 

 

ordinate over c

or the electr

direct curren

ns widely us

num or tung

this way red

s in magnetr

d at increasi

workers [3] 

n a commer

ctrons emitt

ocations of i

ent, target e

e electric fie

ce problem 

hieved. Sinc

at collisions

ng for the in

This way, pe

posed modi

ications of m

Materials Pr

RM

cathode surfac

ron emissio

nt (DC) 

sed in indus

gsten ‒ onto

ducing 

rons are 

ng target 

and 

rcial scientif

ted at the 

onization 

erosion, an

ld lines. 

studied by 

ce despite o

 are 

ntegrated 

erformance

ification 

magnetrons

rocessing, 

M 12 

ce, 

on 

try 

o 

fic 

d 

of 

 of 

s. 



Feist, Plankensteiner, Linke et al.  18th Plansee Seminar 2013  RM 12 

 

2. Q.H. Fan, L.Q. Zhou and J.J. Gracio, J. Phys. D: Appl. Phys.  36, 244-251, (2003) 

3. T.E. Sheridan, M.J. Goeckner and J. Goree, J. Vac. Sci. Technol.  A8 [1], 30-37, (1990) 

4. COMSOL, COMSOL Multiphysics User's Guide Version 4.3a, (2012) 

5. T.E. Sheridan and J. Goree, J. Vac. Sci. Technol.  A7 [3], 1014-1018, (1989) 

6. T.E. Sheridan and J.A. Goree, IEEE Trans. Plasma Sci.  17 [6], 884-888, (1989) 

7. S.M. Rossnagel, J.J. Cuomo and W.D. Westwood (eds.), Handbook of Plasma Processing Techno-

logy ‒ Fundamentals, Etching, Deposition, and Surface Interactions, Noyes Publications, Park Ridge 

(NJ), (1990) 

8. S.N. Nahar and J.M. Wadehra, Phys. Rev. A  35 [5], 2051-2064, (1987) 

9. http://www.lxcat.laplace.univ-tlse.fr/cross_sec_download.php (visited 02/2013) 


