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A simplified model for the direct current planar magnetron discharge allowing one to simulate the
pressure dependence over a wide range is presented. For sufficiently strong magnetic fields, the high
energy electrons~HEE!, the electrons that are responsible for the ionization, move predominantly in
arch shaped regions in between interactions with the discharge gas. This allows one to model the
discharge as being built up by arches. The influence of the interactions of the HEE on their motion
is modeled by calculating the probabilities for transfer of HEE among the arch shaped regions. In
this way the ionization distribution of the electrons emitted at a certain position at the target surface
can be calculated. The results of this approach agree well with Monte Carlo results. This modeling
of the HEE motion combined with simple schemes for determining the ionization and target erosion
forms the core of the simplified model. The model is made self-consistent through iteration. It
appears that for a given magnet system and discharge voltage a self-consistent solution is only
possible for one particular pressure. This is the pressure for which the discharge voltage corresponds
with the theoretical minimum discharge voltage needed to sustain the discharge at that pressure. The
model reproduces the experimentally observed increase of the discharge voltage and widening of the
erosion profile with decreasing pressure. According to the model the main cause for this pressure
dependence is not the decreased confinement of electrons in the magnetic trap but the increased
recapture of secondary electrons by the target. ©2003 American Vacuum Society.
@DOI: 10.1116/1.1572169#
tio
a
s
b
di
tie
en
d

de
ol
s
y
n
re

f S

io
ic

bi
s

ar

id-
-

sults
re

ec-
o-

d-

ide
con-

as-
ch is
I. INTRODUCTION

The importance of magnetron sputtering as a deposi
technique has made it the subject of numerous modeling
simulation efforts.1 Our aim is to develop a model that give
insight into the discharge and that not only reproduces
also explains the experimentally observed influences of
ferent external parameters on the discharge proper
Therefore, in spite of some loss of accuracy, the differ
processes occurring in the discharge have been separate
simplified in order to model them.

The electrons in the magnetron discharge can be divi
in two groups: the ones with energy below the thresh
energy for ionizationEion,th, and the ones with energie
aboveEion,th. In our model we will take into account onl
the latter and will refer to them as high energy electro
~HEE!. The HEE originate from the target where they a
released as secondary electrons~SE! or from the creation of
an electron-ion pair in the cathode sheath. The amount o
created per incoming ion is given by the SE yieldg. This
yield can be considered as energy independent for the
energies encountered in a magnetron discharge. A typ
value isg50.1 for clean metal surfaces.2 For a sufficiently
strong magnetic field, the HEE move in arch shaped or
because of their gyrating around the magnetic field line3

Hence, the discharge can be considered as built up by
shaped regions.4

a!Electronic mail: guy.buyle@rug.ac.be
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In this article we develop a model based on this cons
eration~Sec. II!. In Sec. III results for the ionization distri
bution obtained by Monte Carlo~MC! simulations and by
our approach are compared. Section IV discusses the re
of our model for a given configuration and for the pressu
dependence of the planar magnetron discharge.

II. MODEL

For a rectangular magnetron with two long straight s
tions that do not influence each other, the symmetric tw
dimensional geometry shown in Fig. 1 is sufficient for mo
eling the discharge in these straight sections.5 The magnet
system is characterized by the strength of the magnetsBr ,
the spacingd between the centers of the magnets and the s
lengths of the square shaped magnets. The discharge is
sidered as being built up by archesAi that correspond with
positionsxi at regular distances along thex axis ~Fig. 1!. By
introducing the archesAi the HEE distributionH of the dis-
charge is characterized by the occupation profileu that con-
sists of a set of valuesui that give for each archAi its
relative weight in the discharge

H5(
i

uiAi . ~1!

Figure 1 represents an idealized situation because it is
sumed that the arches are concentric circle segments whi
12183Õ21„4…Õ1218Õ7Õ$19.00 ©2003 American Vacuum Society
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1219 Buyle et al. : Simplified model 1219
not the case for a realistic magnetic configuration. Hence,
first part of the model is to calculate the realistic arches
the electron distribution within.

A. Determination of the arches A i

To determine the archAi the corresponding collisionles
SE orbit with starting positionxi is calculated using the Lor
entz equation

dv̄
dt

5
q

m
~Ē1 v̄3B̄!, ~2!

with q, m, v̄, respectively, being the charge, mass, and
locity of the electron. The magnetic fieldB̄ is analytically
calculated by introducing magnetic charges.5,6 For calculat-
ing the electric fieldĒ it is assumed thatĒ varies linearly
within a distancedE above the target surface, i.e., the pote
tial V~z! is given by

V~z!5H Vd

dE
2 @z2~z01dE!#2 z01dE>z>z0

0 z.z01dE

. ~3!

Hence,dE represents the sheath thickness. The Lorentz eq
tion is numerically solved using the fourth order Rung
Kutta method.

For a positionxi the maximum heightzSE,i that the SE can
reach is deduced from the collisionless SE orbit. By retrac
the magnetic field line that intersects the target at that p
tion xi the heightzMF,i of the magnetic field line above th
target atx50 is determined. Thez-valuezi of the center of
archAi at x50 is defined as

FIG. 1. Two-dimensional sketch of the magnetron model: the magnet sy
is defined by the side lengths of the square shaped magnets, the distancd
between the center of the magnets, the magnet strengthBr , and the target
thicknessz0. The semicircles above the target indicate the idealized si
tion of how the discharge is built up.
JVST A - Vacuum, Surfaces, and Films
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zSE,i2zMF,i

2
. ~4!

The center line of the arch is defined by the magnetic fi
line going throughzi . We assume a homogenous spat
HEE distribution along this center line. According to Ref.
this is valid above the cathode sheath. In the following pa
graph we deduce the correction factors needed within
sheath.

For the HEE only the interactions with neutral dischar
gas atoms are taken into account as they are by far the m
important.7 Due to these interactions, the archesAi contain
HEE with energies ranging fromueVdu to Eion,th. We refer to
this energy distribution of the HEE asD~E!. According to
Ref. 8,D~E! is practically homogenous. Because of this e
ergy distribution, the homogenous spatial HEE distributi
along the center line of the arch needs to be corrected wi
the cathode sheath. Indeed, at a positionz in the sheath a
HEE has a potential energy equal toueV(z)u. Hence, only
the HEE with energy higher thanueV(z)u can reach that
heightz. As D(E) is homogenous, the numberN~ueV~z!u! of
HEE with energy higher thanueV~z!u in the discharge is given
by

N~ ueV~z!u!5E
ueV(z)u

ueVdu
D~E!dE;ueVdu2ueV~z!u. ~5!

Similarly, the total amount of HEE isN(Eion,th);ueVdu be-
causeueVdu@Eion,th. Hence, the correction factor at heightz
in the sheath isueVd-eV(z)u/ueVdu. In this way, the normal-
ized spatial HEE distribution along the center line of ea
arch is determined.

The maximum distance a HEE can be away from
magnetic field line around which it gyrates is given by
Larmor radius r L . As the gaussian distribution become
practically zero at three times its widths, we attribute to
each archAi a gaussian distribution in the direction perpe
dicular to the magnetic field line. Atx50 this gaussian is
represented byGi~z!. Its width s is set equal tor L/3 and
Gi~z! reaches its maximum at the centerzi of the archAi

~Fig. 2!.

m

-

FIG. 2. For two positionsxi andxj at the target surface, the position of th
corresponding archesAi andAj are indicated by sketching the collisionles
orbits of the SE emitted at these positions. The right-hand part shows
gaussian distributions attributed to the archesAi andAj . The transfer prob-
ability t i j is proportional with the hatched surface under the gaussianGj at
zi . Similarly, t j i is determined byGi(zj ).
or copyright; see http://avspublications.org/jvsta/about/rights_and_permissions
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1220 Buyle et al. : Simplified model 1220
B. Modeling of the transfer of HEE among arches

A change in the direction of the velocity vector of a HE
due to an interaction with the discharge gas can transfe
from one arch (Aj ) to another (Ai). The probabilityt i j that
this transfer occurs is proportional with the value ofGj

aroundzi . This is shown in Fig. 2 by the hatched surface
zi . Introducingdzi as (zi 11-zi -1)/2 and linearizingGj in the
interval @zi- dzi /2, zi1dzi /2# we find

t i j ;E
zi2

dzi

2

zi1
dzi

2 Gj~z!dz'Gj~zi !dzi . ~6!

From Fig. 2 it can be deduced that only the fractionuxi u/uxj u
of the archAj overlaps withAi . Such partial overlap only
occurs ifDzi j <Dxi j with Dxi j 5uxi u- uxj u andDzi j 5uzi- zj u.
As it reduces the transfer of HEE fromAj to Ai this interac-
tion needs to be corrected withci j :

ci j 5H Dzi j

Dxi j
1S 12

Dzi j

Dxi j
D Uxi

xj
U Dzi j

Dxi j
<1

1
Dzi j

Dxi j
.1

. ~7!

Combining Eqs.~6! and ~7! we find

t i j ;ci j Gj~zi !dzi ~8!

from which the probabilitiest i j can be deduced by requirin

(
j

t i j 51. ~9!

This way the matrixT, which is a square matrix, is con
structed. In reality the HEE do not interact once but seve
times. The probabilityt i j

2 that at the second interaction th
HEE transfers fromAj to Ai is given by

t i j
2 5(

k
t iktk j . ~10!

This is equal to elementi,j of the matrixT25T* T. Hence,
the element that gives the probability that a HEE that sta
in Aj is transferred toAi at interactionm is elementi,j of Tm.
The accurateness of this approach is discussed in Sec.

C. Deduction of the HEE-density H

In this part we will deduce the relation between an em
sion profiler ~a set of valuesr i each of which correspond
with the amount of SE emitted at positionxi on the target!
and the corresponding occupation profileu that characterizes
the HEE distributionH in the discharge.

First, we take into account that only a fractionf i of the SE
released atxi will effectively interact with the discharge ga
because the rest is recaptured by the target. This recaptu
due to the small initial energy of the SE when they are em
ted from the target and is characterized by5

f i512e2
si

l ~11!
J. Vac. Sci. Technol. A, Vol. 21, No. 4, Jul ÕAug 2003
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with si the average distance a SE emitted atxi travels before
it is recaptured andl the mean free path of the SE in th
discharge taking into account ionization, excitation, and e
tic collisions. Hence, we can formulate an intermediate
cupation profileui9 :

ui95r i f i . ~12!

Second, the creation of an electron-ion pair can produc
HEE if the ionization occurs at a heightz for which
ueV(z)u.Eion,th is valid. When this happens, there is an ex
energy input to the discharge equal toueV~z!u if the energy of
the primary electron is not considered. This extra energy
put by a HEE at heightz can be described by giving the HE
a correction factor

11
ueV~z!u
ueVdu

. ~13!

For an archAi with Ai~z! elements at heightz the correction
factor hi is given by the weighted average of the individu
correction factors

hi511
1

ueVdu

(
z

ueV~z!uAi~z!

(
z

Ai~z!
. ~14!

As deduced in the previous section a SE emitted in archAi

has a probabilityTji
k to transfer toAj at interactionk. Hence,

due to ionization in the sheath, a SE emitted at positionxi

needs a correction factorgi given by

gi5)
k

S (
j

hjTji
k D . ~15!

Thus, taking into account ionization in the sheath transfor
ui9 into ui8 :

ui85ui9gi . ~16!

Third, we need the transfer matrixTavg that describes the
transfer of HEE among the arches averaged overD~E!. As
D~E! is constant,Tavg is given by

Tavg5
1

n (
i 50

n21

Ti , ~17!

becauseTi contains the transfer probabilities at interactioni
(T0 represents the unit matrix!. The numbern represents the
total amount of interactions a HEE undergoes until it has
energy below the ionization thresholdEion,th ~see also Sec
III !. The final occupation profileu is then given by

ui5(
k

Tavg,ikuk8 . ~18!

Given Eq.~1! theseui characterize the HEE distribution o
the discharge.

D. Deduction of ionization and resulting target
bombardment

For this part of the model we start from a known HE
distribution H. In order to deduce the ionization caused
this H we would in principle need to calculate the probabili
or copyright; see http://avspublications.org/jvsta/about/rights_and_permissions
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1221 Buyle et al. : Simplified model 1221
P~E! for an ionizing collision during a certain time interva
« t for each electron energyE. The ionization probability
P~E! is given by

P~E!512e2
« tv

l ion(E)512e2
« t

l ion(E)A
2E
m , ~19!

with l ion~E! as the electron mean free path for ionizatio
For E above approximately 100 eV,l ion~E! has an energy
dependence close toE0.5. Therefore, we considerP~E! as
independent ofE which meansI;H. Although the exact
relation can be determined, this proportionality is sufficie
as we limit ourselves to normalized distributions.

If we assume that the ions reach the target without und
going any collisions,9 the amountYSP,i of sputtered targe
atoms at positionxi is calculated as

YSP,i5(
z

I ~x,z!ySP~ ueVd2eV~z!u!, ~20!

with ySP~E! as the ion energy dependent sputter yield. Fr
this the erosion profilew can be determined aswi;
2YSP,i . For our calculations we used data for argon
aluminum.10 Given the SE yieldg, we can deduceYSE,i

which is the amount of SE emitted from the target at posit
xi :

YSE,i5(
z

I ~x,z!g. ~21!

E. Self-consistency

The model so far allows to determine the normalized io
ization distributionI for a given emission profiler i ,0 . This I
leads to the SE emission profileYSE,i at the target which is in
fact a new emission profiler i ,1 . In steady state~SS! both
emission profiles should be the same. To find this SS em
sion profiler i ,SS the procedure that leads fromr i ,0 to r i ,1 is
repeated, each time redefiningr i ,1 as the newr i ,0 . Through
iteration the ratior i ,1/r i ,0 can be made constant for a give
magnet system, discharge voltageVd , sheath regiondE , and
pressurep. However, the conditionr i ,1 5r i ,0 5r i ,SScan only
be obtained for a particular pressure~Sec. IV!. Therefore,
when a constantr i ,1 /r i ,0 was reached the pressure was var
until r i ,0 5r i ,1 5r i ,SSwas found. Then,I was integrated ove
thex direction so that the normalized ionization profile in t
direction perpendicular to the target was obtained. The p
tion zM of the maximum of this profile was determined. A
cording to simulations of Kondo and Nanbu11 the distance
above the target where the ionization density is the high
(zM) is approximately equal to the distance above the ta
where the electric field becomes practically zero (dE). Con-
sequently, the whole procedure was iterated untildE equal to
zM was obtained. Therefore, we can conclude that thro
iteration a self-consistent SE emission profile, pressure,
cathode sheath thickness is obtained for a given magnet
tem and discharge voltage.
JVST A - Vacuum, Surfaces, and Films
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III. COMPARISON WITH MC SIMULATIONS

In Sec. II several assumptions were made to model
motion of the HEE and their interactions. Therefore, resu
from our model are compared with MC results. We use
geometry shown in Fig. 1 with a magnet system described
d536 mm,Br50.7 T, ands512 mm. This results in a maxi
mum horizontal magnetic field strength at the target surf
of 0.061 T. Furthermore, we chooseVd52300 V andz0

515 mm. In this section the sheath thicknessdE and the
pressurep are assumed to be known and given the values
mm and 0.5 Pa, respectively. The Lorentz equation@Eq. ~2!#
for the electron motion is combined with the algorithm fou
in Ref. 12 for MC treatment of the collisions. Ionization
excitation, and elastic collisions were taken into account
using the cross sections as reported by Kosaki and Kond13

Only energy loss due to ionization and excitation is cons
ered: for an ionization the electron energy reduction was
proximated by 16 eV~5Eion), for an excitation by 12 eV
(5Eexc).

5 From the positionsx5210, 22, 2 and 10 mm
2000 electrons were emitted and followed until a limit of
ms had elapsed or until their energy dropped below 30
whichever occurred first. This energy threshold was cho
because below this energy the probability for an ionization
very small. In this way the ionization distributionI MC in the
xz plane is determined. The integrated profiles along thx
axis andz axis of I MC are shown in Fig. 3 foruxu52 and
uxu510.

FIG. 3. Plots of the normalized ionization distributionsI ~solid line! andI MC

~dots! integrated along thex axis ~a! and along thez axis ~b! for uxu52 and
uxu510 mm. The magnet system used for these calculations is define
d536 mm,s512 mm,Br50.7 T andz0515 mm. Furthermore we setVd

52300 V andp50.5 Pa.
or copyright; see http://avspublications.org/jvsta/about/rights_and_permissions
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1222 Buyle et al. : Simplified model 1222
These simulations reveal that on average approxima
30% of the collisions were ionizing, 10% were excitatio
and 60% were elastic collisions. This means that in this e
tron energy range the total number of collisionsn which an
electron undergoes~needed for Sec. II! can be approximated
by three times the number of ionizing collisionsnion . The
numbernion is given by:

nion5
E2Eion,th

Eion,eff
, ~22!

with Eion,eff the average effective energy needed to create
ion-electron pair. Taking into account only ionizations a
excitations as energy dissipating collisions,Eion,eff is deter-
mined by

Eion,eff5
nionEion1nexcEexc

nion
. ~23!

Given the relative occurrence of ionization and excitation
find Eion,eff'20 eV which is lower than the value of 30 e
proposed by Thornton.14 Based on these MC results we a
proximaten for a discharge withVd as

n'3
ueVdu216

20
. ~24!

To compare the MC results with our model we define
following emission profiler:

r i5H 0 uxi uÞ2

1 uxi u52
. ~25!

As n is known, Eqs.~1! and ~12!–~18! allow to determineI
corresponding with an electron emitted atuxu52. The inte-
grated profiles along thex axis andz axis of I are shown in
Fig. 3 for uxu52. Similarly, theI corresponding withuxu510
can be determined. As can be seen agreeI andI MC very well
for both x positions which shows the validity of our ap
proach. Moreover, the proposed method calculates the
ization distribution practically instantaneously compar
with the MC simulations.

IV. RESULTS AND DISCUSSION

A. Discharge properties for a given Vd and magnet
system

For the calculations in this section the same magnet
tem as in Sec. III is used. To determine the properties of
arches, SE were released from the target at posit
x50.125,0.375,...,14.875. For calculating the recapture p
abilities the SE were given an initial energy equal to 4 e
The discharge voltage was set to2300 V, a typical value for
a laboratory scale planar magnetron. To start the itera
proceduredE was set to 1.0 mm andp to 0.5 Pa. In the SS
we foundp50.26 Pa anddE50.97 mm. The correspondin
emission profiler SS that gives the relative amount of S
emitted at the target is plotted in Fig. 4. Due to interactio
the original emission profile evolves into the occupation p
file uSS. Comparingr SS anduSS reveals that although mos
SE are emitted at the center of the race track~herex50! the
J. Vac. Sci. Technol. A, Vol. 21, No. 4, Jul ÕAug 2003
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most occupied arches have larger absolutex values~here 5
,uxu,10). The erosion profilewSS corresponding with the
occupation profileuSS is also plotted in Fig. 4.

For a givenVd and magnet system the iteration procedu
results only for a particular pressure in a SS solution~Sec.
II !. In order to understand this we recall the equation
determining the minimum discharge voltageVd,min in a pla-
nar magnetron15

ueVd,minu5
Eion,eff

geff
, ~26!

with geff as the effective SE yield as seen by the discharge
Ref. 15geff50.5g is assumed which is based on an estim
tion of Thornton.14 Starting from an emission profiler SS we
are able to calculategeff : from Eqs.~12! and ~16! follows
that r i emitted SE result inr i f igi HEE in the discharge.
Hence, a positionxi has an effective SE yieldgeff,i given by

geff,i5g f igi . ~27!

The effective SE yield as seen by the discharge is then thr i

weighted average ofgeff,i :

geff5

(
i

geff,i r i

(
i

r i

5g

(
i

f igi r i

(
i

r i

. ~28!

We find for the SS solutiongeff50.067 which results in
Vd,min5Vd . Hence, the pressure found through the iterat
procedure is the pressure for whichVd is the theoretical
minimum discharge voltageVd,min .

B. Pressure dependence of the discharge

For a whole range ofVd the SS condition and correspond
ing discharge properties were simulated. Based on these
sultsVd,min is plotted as a function of pressure in Fig. 5~a!: at
high pressuresVd,min varies only slowly with pressure while
at low pressures it increases strongly with decreasing p
sure. This pressure dependence corresponds well with
observations reported by Changet al.16 However, they mea-
sured that at high pressures the discharge voltage rem
almost constant while our simulations show a slight d
crease. This is probably because of the assumption of c
sionless ion movement in our model which is no longer va

FIG. 4. Steady state results of the emission profiler, the occupation profileu
and the erosion profilew along the target for a discharge with the sam
magnet system as used for Fig. 3.Vd was set to2300 V. The self-consistent
pressure of this system is 0.26 Pa.
or copyright; see http://avspublications.org/jvsta/about/rights_and_permissions
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1223 Buyle et al. : Simplified model 1223
at these high pressures. In Fig. 5~b! the normalized erosion
profiles for four different pressures are plotted: at high pr
sures the pressure dependence is weak but it becomes s
ger with decreasing pressure. We reported the experime
observation of this widening of the erosion profile in pre
ous work.5 These simulation results confirm the explanati
given for the widening of the erosion profile: with decreasi
pressure~increasingl! the fractionf i of SE that effectively
interacts with the discharge decreases@Eq. ~11!#. This effect
is stronger for SE emitted at small absolutex ~inner arches!
as for SE emitted at large absolutex ~outer arches!.5 Hence,
with decreasing pressure,ui of the outer arches become
larger. Figure 3~b! shows that the ionization caused by t
outer arches~represented byuxu510 mm! is spatially more
spread than the ionization caused by the inner arches~repre-
sented byuxu52 mm!. Consequently, with decreasing pre
sure the erosion profile widens. Fig. 4 shows that at 0.26
the outermost arch is hardly occupied. This remains va
even at the lowest pressures for the simulated magnet
tem. Hence, the increase ofVd is not due to the increase
escape of electrons out of the magnetic trap with decrea
pressure. Instead, it is due to the increased recapture of
Eq. ~28! shows that the reducedf i results in a smallergeff .
Hence, according to Eq.~26! the discharge voltage has t
raise. The importance of recapture shows that it is neces
to take into account the initial energy of the SE when th
are emitted from the target as it is this small energy t
determines recapture~Sec. II C!. As the simulation procedure
was performed using a ‘‘typical’’ magnet system in compa

FIG. 5. The pressure dependence ofVd,min ~a! and of the erosion profilew
~b! for the same magnet system as Fig. 3.
JVST A - Vacuum, Surfaces, and Films
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son with the experiment, exact quantitative agreement can
be expected. Nevertheless, the good qualitative agreem
between experiments and simulations for the pressure de
dence of both discharge voltage and erosion profile and
realistic values found for the self-consistent pressures s
the validity of the model.

V. CONCLUSIONS

In this article we presented a two-dimensional model fo
planar magnetron discharge. The model is based on the
tion of the HEE which are the electrons with enough ene
to ionize. For sufficiently strong magnetic fields this motio
can be modeled by considering the discharge as built up
arch shaped regions. The properties of the arches were d
mined by calculating the collisionless secondary electron
bits corresponding with these arches. The interactions of
HEE with the discharge gas are modeled by introducing
teraction matrices that describe the transfer of HEE am
the arches. From the HEE distribution the ionization can
deduced. There is good agreement between this method
Monte Carlo simulations.

Once the ionization is known, the SE emission and
sputter erosion can be calculated. For a given magnet sys
and discharge voltage the cathode sheath thickness ca
determined through iteration. It appeared that this was o
possible for a specific pressure, namely the pressure
which the discharge voltage is the theoretical minimum d
charge voltage to maintain the discharge. The model w
able to reproduce the experimentally reported pressure
pendence of the discharge voltage and erosion profile o
planar magnetron. Moreover, the model reveals that the m
cause for the pressure dependence is not the escape of
trons out of the magnetic trap but the recapture of SE at
target.
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