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ABSTRACT In this article we will discuss the results for the pressure

We present a model for the planar DC magnetron dischar deepgndencg ofthe discharge voltage and of the (width of the)
that separates and simplifies, as much as possible, the diff rosion pl’OfI|§. These two para_meters were cho_s_en becz_ause
ent discharge processes occijrring. A crucial part is' the simpi.Y, 3¢ _crumal for the calculatpn of the dep03|tlpn profile

lation of the ionization by the high energy electrons (HEE).tb]: the discharge voltage determ_me_s th_e sputter yield and, to
This is commonly achieved by Monte Carlo calculations. W a less extent, also the _angular_ dlstrlbuthn of these_ s_puttered
developed an alternative and much faster approach basedqsi(‘girqget atoms. The erosion proflle_z determines the origin of the
the motion of the HEE in arch-shaped regions in betWeesputtered material. Both properties, together with a model for

interactions. The interactions themselves are described {hse transport of the sputtered particles, allow us to determine

transfer probabilities among these arch-shaped regions. our deposition profile accurately.

results are compared with Monte Carlo simulations. An important part of any magnetron simulation is the treat-

Using this method together with simple models for the deducr-nent of the high energy electrons (HEE)' These are the
: Lo . lectrons that have enough energy to ionize the sputter gas,
tion of the ionization, the erosion and the recapture of second-

ary electrons by the target, we simulated the pressure dep which means they are crucial for sustaining the magnetron

en- . )
dence of the discharge voltage and the erosion profile. The(ﬂscharge. Usually, the motion of these electrons is resolved

two properties of the discharge were chosen as they are nee %e/ @ Monte Carlo method. However, for a two-dimensional
prope charge w . y . B) geometry and sufficiently strong magnetic fields (which
to determine the deposition profile. Comparison with experi-

mental observations shows that the general trend of tha normallyfulﬂlledmatyplcglmagne_tron S|tuat|on),we_were
: able to develop an alternative algorithm that allows simula-

pressure dependence (weak dependence at high pressufes . ; . -
1011 of this motion much quicker. For a cylindrical magnetron

strong dependence at low pressures) of these two parameter. -
a 2D geometry poses no restrictions, for a rectangular magne-

could be simulated. Because of the separate and simplifi S . L .
; ! ron it implies the model is only valid in the straight parts of
steps, the model allowed us to determine the main cause of the
; . € racetrack.
pressure dependence, which appears to be the increased re-

capture of secondary electrons with decreasing pressure. In the next part we discuss briefly the model we developed for

the magnetron discharge. Emphasis is on the motion of the
INTRODUCTION HEE. In the third part we show the simulation results of the
The importance of magnetron sputtering as a depositiopressure dependence of the discharge voltage and of the
technique has made it the subject of numerous modeling amdosion profile, and compare them with experimental data.
simulation efforts. A good overview can be found in [1]. Our
aim is to develop a model that not only reproduces but alSIODELING THE DC MAGNETRON DISCHARGE
gives insight into the influence of certain external parameter s is generally known, positive sputter gas ions from within
on the magnetron sputter discharge. Therefore, we want to é '

e ; .
able to simulate trends instead of some isolated situations.e plasma are atiracted by the negatively biased target (cath-

. . . . . 0de). The resulting ion bombardment leads to the emission

This requires a quick simulation procedure. Hence, we sepa- .

. L .from the target of atoms (the sputtered particles) and elec-

rate the different processes occurring in the magnetron dis- :

. . : .~ Irons, the so-called secondary electrons (SE). Once emitted,
charge, i.e., we dissect the magnetron discharge and S|mpI|t

as much as possible the separate processes. The simplificatjon SE are accelerated away from the targetinto the discharge.
) P : Sep proce - hesimp Because of the acceleration over the cathode fall, they become
is done from the viewpoint of the practical application of thehi

discharge, which means that the emphasis is on the discharg
properties that are directly relevant for film deposition.

ghly energetic. Hence, we refer to them as high energy
éctrons (HEE). The HEE move in the region above the target
because they are trapped by the combined influence of the
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electric and magnetic field. During their motion they createDischarge Characterization
new electron-ion pairs by electron impact ionization untilin a sufficiently strong magnetic field the movement of the
their energy is below the ionization threshold energy. Th&lEE between two interactions follows arch-shaped regions
electrons created in such way have (except when they atleat are determined by the magnetic field. Therefore, we
generated in the cathode sheath) low energy. Although theypnsider the discharge as built up by these arshiasuch a
outnumber by far the amount of HEE, we will neglect thesavay that each arch corresponds with a positiatong thex-
low energy electrons in our model. axis on the target surface (Figure 2). The spatial distribution
of the HEE [5] and also their energy distribution [6] is, to a
As mentioned in the introduction, we assume a 2D geometrgood approximation, homogenous in these arches. However,
To further simplify the geometry, we limit ourselves to onecorrections to these distributions in the sheath are needed [4].
side of the racetrack as indicated by the cross section in the
upper left corner of Figure 1. The magnet system is deter-
mined by two magnets with opposite polarization, placed on
a yoke and with distanakbetween their centers. The target T R
thickness is given bg,. For the simulations we assume a flat \§§§§§\:§»‘-\“ A f\\:;\\\ \
target, i.e., the effect of the formation of the erosion profile is > s
not taken into account. The magnetic fi@ds calculated
analytically by introducing magnetic charges [3]. The electric
field E is calculated by assuming tHawaries linearly from
its maximum absolute value at the target surface to zero at ¢
distanced, above the target. Hence, the electric field is
characterized by the discharge volt&gand the thickness of
the cathode sheath. The problem of determining the values
of V, andd_ is discussed in the subsection Self-consistency. magnets

Figure 2: Sketch showing how the discharge can be consid-
ered as built up by arches. Each arch has a corresponding
position on the target surface. This sketch is an idealization
because the arches are concentric circle segments, which is
not the case for a realistic magnet system. Arches correspond-
ing with x-positions close to the center of the racetrack (e.g.,
x,) are referred to as inner arches, arches corresponding with
X-positions towards the edge of the race track (& pare
referred to as outer arches.

sputtered -
particles - \

d By splitting up the discharge in arches, we can characterize the
normalized HEE distribution of the discharge by a veator
each element af gives for the correspondingposition the
probability that a HEE of the discharge is located in the arch
connected with that-position. We will refer to this vectar

3}5 the occupation profile. Using this terminology, the normal-
Ped distribution of HEEH) in the discharge is given by:

Figure 1: This sketch shows the 2D model used for th
simulations. The magnet system consists of two magnets
equal strengthR) but with opposite magnetization direc-
tions, placed on a yoke. The distance between the two centers H _ A

of the magnets is characterizeddyyhe target thickness lay - Z u,- i

and the cathode fall by.. The inset in the upper left corner i

shows which part of the rectangular magnetron the model Eq. 1
represents.

As a good approximation, the normalized ionization distribu-

We now discuss briefly the model we developed for the plangfon | can be assumed to be proportional witfd].
DC magnetron discharge. A more detailed and mathemati-

cally founded description can be found in Reference 4.

72



We also introduce the emission profileach element of this 3.5
vector gives the probability of a SE being emitted from the 3 ‘R‘ -
target at the correspondimxgposition. Similarly, we define 2.5 J-\ [x |=2mm
L 4
214%

S

the erosion profilav: each element of this vector gives the g
probability that an atom sputtered from the target is sputteredg 1.5 1

=

=]

at the correspondingposition. : L Ix |[=10mm
Motion of the HEE 0.5 174
This part of the model deals with the motion and the ionization 0 ‘ ‘
of the HEE in the discharge. Solving this problem is equiva- a) 0 2 4 6 8 10
lent to answering the question: where does a SE emitted at a z-axis (mm)
position x; along thex-axis ionize in the discharge? The 6
standard way to address this question is to combine the 5 | s
numerical solution of the Lorentz equation of motion g/ 4 ?"\ Ix |=2mm
4 s , AN\
_l ey i(E + V X B) § 2 lx lzlomm geo [T X
B £ v A%, |
dt m =1 j/ oo
0 o a0’ -!' ‘ ‘ ‘(!’: Q°o° o
Eq. 2
. -15 -10 -5 0 5 10 15
b) x-axis (mm)

(g, m andv the electric charge, mass and velocity of the
electron, respectively) with a Monte Carlo method to describ&igure 3: Plots of the normalized ionization distribution
the electron interactions with the discharge gas. This requiréstegrated along theaxis (a) and the along tieaxis (b) for
the knowledge of the gas pressyspgnd both the magnetic a SE emitted axjJ=2mm and 10mm. The magnet system used
and electric field. Also the cross sections for the differenfor these calculations is defined dy36mm,B=0.7T and
processes (ionization, excitation and elastic collisions) arg=15mm. Furthermore we s¥{=-300V andp=0.5Pa. The
needed. We performed these calculations, using the crogssults represented by the dots are obtained with the Monte
sections found in [7] and the algorithm described in [8]. TheCarlo method, the ones represented by the solid line with our
result for SE emitted afl2mm and ak|=10mm for amagnet alternative method [4].
system defined bg=36mm,z=15mm and =0.7T is shown
in Figure 3.

If one takes a single SE, which is emitted at a centain
Because this kind of Monte Carlo simulation is very timeposition, all elements of the emission profilere zero except
consuming, we developed an alternative approach based for the element corresponding with the starting position of the
the splitting up of the discharge as shown in Figure 2. In thiSE, which will be one. As long as the SE does not undergo an
approach, the influence of an interaction of a HEE is interinteraction, the occupation profile will be equal to the
preted as a transfer probability for the HEE to move from onemission profile. However, after a certain time the SE will
arch shaped region to another. This probability is determineidteract with the target or with the discharge gas, whatever
by the Larmor radius of the HEE and by the distance betweestcurs first. If it interacts with the discharge gasyill no
the two arches. The probability that a HEE in archiis  longer be equal tobut will be determined by:
transferred to archis calculated for all possible archieend
j- This way a square matrix called the transfer matrix, with Uu = T}"
elementst, is constructed. It can be shown [4] that the
probability that a HEE is transferred from aj¢b arch after Eq.3
minteractions is given by elemadrjtfrom the matrixr™ (the

matrix T to the powem).
After two interactions with the discharge gasiill be given by

2
u=Tr
Eq. 4
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and soon. If atinteractiarthe energy of the HEE drops below distribution. Therefore, we assume that the ions reach the
the ionization threshold, i.e., the electron is no longer a HEEarget without undergoing any collisions and that all created

the average occupation proflllgvg is given by ions are accelerated towards the target. Given the typical low
gas pressures used in magnetron discharges (order of 0.5Pa)
u= Tavgr the first assumption poses no problem. The second assump-

tion requires some explanation. lons formed in the cathode
sheath, i.e., in the region within distartteabove the target
surface, feel the (strong) electric field in the sheath and are
accelerated towards the target. lons formed above the cathode
sheath do not feel an electric field in our simplified model.
However, in reality there is a small presheath to satisfy the

) ) ) Bohm criterion [10]. For calculating the HEE movement, this
If the SE is recaptured by the target, it does not contribute {Q,a4th has very little influence, which is the reason for

the discharge. This recapture reduces the effective SEyield,qqecting it. For the ions, however, this small electric field
and is very important because it is strongly pressure depefarantees that all ions are accelerated towards the target.
dent. The probability that a SE interacts with the discharggence, summing all the ions and multiplying this number with
gas, i.e., that it isotrecaptured, is given by [9]: the SE yieldy, which gives the amount of SE emitted per

s incoming ion, results in new emission profile

f=l-e? s |
elf-consistency
Eq. 6 Given the previous subsection, we can translate the processes
occurring to sustain the discharge into the model formalism.
We assume a certain distribution of SE emitted from the

with sthe distance a SE would travel before it is recaptured biAr9et: which is represented in the model by assuming an
the target if there would be no discharge gas, and | the me&fission profile. These emitted SE become the HEE of the
free path length of the SE in the discharge. Because of t|;g(;'\scharge a_nd_cause t_he_|0n|zat|0n. In_ the model this means
recapture probability, Equation 5 needs to be adapted. FLﬁl]at_the emlssmn_proflle is converted into the oc_cupatlon
thermore, a HEE can also ionize in the cathode sheath. In tH§PflIe U. From thisu we can deduce the normalized HEE
case, the newly generated electron can also be accelerated ififgffiPutionH and ionization distributioh(Equation 1). The

the discharge and become a HEE. Also this effect needs to ff§Med ions bombard the target and this causes the release

taken into account in Equation 5 for an accurate deduction & €W SE, which means in the model that we derive fram
ufromr. We conclude that, although the relationship is moré"®W"

complicated as Equation 5, the occupation prafian be
derived from the emission profite From thisu, the normal-
ized distributiondd andl can be determined (Equation 1).

Eqg. 5

with Tavgthe average of unit matrix and the matri€es?,...,
T . [4].
n-1

It is clear that for a steady-state conditicandr’ should be
equal. Hence, the whole procedure for determinirfigpm a
givenr is iterated until this condition is satisfied. It appears

Using this method we calculated the ionization distributiorfN@t for a given,, d. and magnet system this condition can
for the same conditions and for the same §EZJand 10mm) ©Nly be satisfied for one specific gas pressuré can be

as for the Monte Carlo method. The results are given in Figur&own that for the given discharge voltageand magnet
3. The two ionization distributions agree well in both theSYStem, the pressure for whivhis the minimum discharge

direction perpendicular to the target surfazexis) as wellas  VOltage needed to sustain the plasma discharge is found [4].

in the direction along the target surfagagis). We conclude | NS 1S o(r;_e Or]: the I|m|t|at|onshof the mo?el as Ilt mea?s that for
that using our method, the normalized ionization distributiorf® 9/Ven discharge voltag, there is only a solution for one

can be calculated in a fraction of the time needed by the MonfPECIfiC pressure. In reality, there is a range of pressures
Carlo method without losing too much accuracy. possible for a giveV,. This is one of the topics we are
currently working on.

Discharge Model | ke th bl ‘g . h
To simulate the whole discharge, we assume a certain emisW We also tackle the problem of determinidg the

sion profiler; this means we assume that we known for eacfathode fall thickness, as this discharge property was so far
position along the-axis the number of SE that are emitted. Tochosen arbitrarily. According to the simulations performed by

find the ionization that results from thiswe apply the NanbuandKondo [11], the height above the target where the
procedure as described in the previous subsection. The nég[;:jz;tlon rate Is ma_lanum and thelhelght whelre the e;]lec:]nc
step of the model is to determine the amount of newly emitteff€!d Pecomes practically zero are almost equal to each other.

SE, i.e., the new emission profile evoked by this ionization Now, for an _initial arbitrarily choice af; this conditio_n will
not be satisfied. Hence, the whole procedure described above
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has to be repeated until this condition also is satisfied. Thisg 1g
way we find a self-consistent value fiy E 14 ]

12

e (m

Deducing the Erosion Profile
Once a self-consistent steady-state condition is found, the
erosion profilev on the target can be deduced. Therefore, we
use the same assumptions as for deducifigm I, namely
that the ions reach the target without undergoing any colli-
sions and that all ions, also the ones created above the catho
sheath, reach the target. Instead of the SE yiele need here
the sputter yieldY, which gives the amount of sputtered 0 0.5 1 1.5 2
particles per incoming ion. As the sputter yield is energy pressure p (Pa)
dependent, we need to take it into account as a weight factor
when summing over the ion distribution. Figure 4: Full width at half maximum (FWHM) of the erosion
profile as a function of gas pressyreThe dots represent
PRESSURE DEPENDENCE OF THE MAGNETRON simulation results, the open triangles the experimental mea-
DISCHARGE surements.

n profil
o
/]

FWﬁM erosio
O NDO

For the discussion of the pressure dependence of the magne-
tron discharge, we will focus on the discharge voltage and OF_

the erosion profile, because these two properties are ve : ) .
oltage. It contains also the experimental result obtained for

important for determining the deposition profile [2]. For .
obtaining the simulation results, we used the same mag:ﬁtconstant current of 0.25A and for a target thickness of 2mm

system as for the results shown in Figure 3. The experime 2]. Again, we see that the calculations express the same
were performed with a commercially available magnetrorgeneral trend as the experiments.

(Von Ardenne type PPS50) with an enlarged aluminum target  gog
(diameter 58mm) [3]. The simulations give for each discharge%
voltage the pressure for which the given discharge voltage isZ 500 1
the minimum discharge voltage to sustain the discharge (sed 400 -+
subsectiorSelf-consistengy As this situation is difficult to %
achieve experimentally, we chose to work in constant (low) : 300 1
current mode. The configuration used for the simulations is ® 209
chosen to represent a “typical” magnetron configuration and &

is not meant as a perfect model of the real magnetron useda 100 1~
Hence, we cannot expect exact agreement between the simu- 0 ! ‘ ‘
lation results and the experimental results. Our aim is to show 0.0 0.3 0.5 0.8 10
that, in spite of the simplifications, our model simulates

correctly the pressure dependence of the discharge.

gure 5 shows the pressure dependence of the discharge

pressure p (Pa)

Figure 5. Discharge voltag as a function of gas pressure

Figure 4 shows the width of the erosion profile as a functiop, The dots represent simulation results, the open triangles the
of gas pressure. We see that down to gas pressures of appPr¥perimental measurements.

mately 0.5Pa (5.10-3mbar) the full width at half maximum
(FWHM) increases very slowly. Below this pressure, how-

ever, the FWHM increases rapidly. It can be seen that thgecause our model is based on splitting up (dissecting) the
FWHM almost doubles in the shown pressure range. Hencg,agnetron discharge, we can now very well retrace the origin
the change of the erosion profile with pressure can be iImpog thjs pressure dependence. By investigating each individual
tant. Last year, we presented experimental measurements@ky of the model, we found that the recapture of the SE is
the pressure dependence of the erosion profile [3]. Thesgfyenced the strongest by the pressure. This is expressed by
experimental results are _also shown in Figure 4. Note thate mean free path length | in Equation 6. Because of this
because of the difference in magnetron geometry between thg-anture, the number of SE created per ion that participate in
simulation and experiments, the absolute width of the erosigp,e discharge is decreased. The average probahjlitye-
profiles is different. On relative terms their pressure behaviogneq as the average bver the race track) that a S\E emitted
shows the same tendency, though. at the target effectively takes part in the discharge is given in

Figure 6 as a function of pressyxeis the effect of recapture

of SE can be interpreted as a reduction of the SE yield, the
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effective SE yield as seen by the discharge will be propoit also allowed us to develop an alternative method for
tional with favg. According to Thornton [13], the minimum determining the ionization distribution of the HEE in the
discharge voltage is inversely proportional with the effectivadischarge which is much quicker than the standard method
SE yield. Hencey, is proportional with ]févg. This explains (Monte Carlo simulations). However, our method is only
the increase of the discharge voltage with decreasing gaslid for sufficiently strong magnetic fields and for 2D geom-
pressure as shown in Figure 5. It is important to note that thedries (no end effects). By comparing our results with Monte
escape of HEE out of the trap formed by the electric an@€arlo calculations, we showed the validity of our approach.
magnetic field dichotappear as a main reason for the pressure

dependence. Hence, the reasoning that with decreasing préssing our model, we simulated the pressure dependence of a
sure more and more energetic electrons escape from thgpical” magnetron discharge. Comparison with experimen-
discharge region and that this leads to an increase in thal observations shows that the general trend of the pressure
discharge voltage appears to be wrong. dependence of both the erosion profile and the discharge
voltage could be simulated. It appears that the main cause for

0.6 the pressure dependence is the increased recapture of second-

° 0.5 — ary electrons by the target with decreasing gas pressure.
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