Simplified model for calculating the pressure dependence of a direct
current planar magnetron discharge
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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 electrontHEE), 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.2@3 American Vacuum Society.
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[. INTRODUCTION In this article we develop a model based on this consid-

The importance of magnetron sputtering as a depositioﬁration(sec- [). In Sec. Il results for the ionization distri-
technique has made it the subject of numerous modeling anition obtained by Monte CarlgMC) simulations and by
simulation efforts: Our aim is to develop a model that gives OUr approach are compared. Section IV discusses the results
insight into the discharge and that not only reproduces puf our model for a given configuration and for the pressure
also explains the experimentally observed influences of difdependence of the planar magnetron discharge.
ferent external parameters on the discharge properties.

Therefore, in spite of some loss of accuracy, the different
processes occurring in the discharge have been separated gndyopeL
simplified in order to model them.

The electrons in the magnetron discharge can be divided For a rectangular magnetron with two long straight sec-
in two groups: the ones with energy below the thresholdions that do not influence each other, the symmetric two-
energy for ionizationE;sn¢,, and the ones with energies dimensional geometry shown in Fig. 1 is sufficient for mod-
aboveEgy . In our model we will take into account only €ling the discharge in these straight sectiofiie magnet
the latter and will refer to them as high energy electronsSystem is characterized by the strength of the magBets
(HEE). The HEE originate from the target where they arethe spacingl between the centers of the magnets and the side
released as secondary electr¢8&) or from the creation of lengths of the square shaped magnets. The discharge is con-
an electron-ion pair in the cathode sheath. The amount of Sgidered as being built up by archés that correspond with
created per incoming ion is given by the SE yiefdThis  Positionsx; at regular distances along theaxis (Fig. 1). By
yield can be considered as energy independent for the iofitroducing the archea; the HEE distributiorH of the dis-
energies encountered in a magnetron discharge. A typic&harge is characterized by the occupation prafitbat con-
value isy=0.1 for clean metal surfacésFor a sufficiently ~ Sists of a set of values; that give for each archh; its
strong magnetic field, the HEE move in arch shaped orbit§elative weight in the discharge
because of their gyrating around the magnetic field Ithes.

Hence, the discharge can be considered as built up by arch H=E UiA; . 1)
shaped region$. !

Figure 1 represents an idealized situation because it is as-
dElectronic mail: guy.buyle@rug.ac.be sumed that the arches are concentric circle segments which is
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Fic. 2. For two positions; andx; at the target surface, the position of the
corresponding arche&; andA; are indicated by sketching the collisionless
orbits of the SE emitted at these positions. The right-hand part shows the
gaussian distributions attributed to the arcAesindA; . The transfer prob-
ability t;; is proportional with the hatched surface under the gaussjaat

z;. Similarly, t;; is determined byG;(z).

[
.1 ]“"lll AVRSI

| G(z) (a.u.),

Axij

Fic. 1. Two-dimensional sketch of the magnetron model: the magnet system _ Zsgi~ ZMF,i 4
is defined by the side lengthof the square shaped magnets, the distahce 5= 2 : 4
between the center of the magnets, the magnet straBgtland the target

thicknesszo. The.semicirclgs apove the target indicate the idealized situa-—rhe center line of the arch is defined by the magnetic field
tion of how the discharge is built up. line going throughz,. We assume a homogenous spatial
going gnz; g p
HEE distribution along this center line. According to Ref. 4
this is valid above the cathode sheath. In the following para-
not the case for a realistic magnetic configuration. Hence, thgraph we deduce the correction factors needed within the
first part of the model is to calculate the realistic arches angheath.
the electron distribution within. For the HEE only the interactions with neutral discharge
gas atoms are taken into account as they are by far the most
important’ Due to these interactions, the arch&scontain
HEE with energies ranging frofeVgy| to Ej,, . We refer to
this energy distribution of the HEE &3(E). According to
To determine the arclA; the corresponding collisionless Ref. 8, D(E) is practically homogenous. Because of this en-
SE orbit with starting position; is calculated using the Lor- ergy distribution, the homogenous spatial HEE distribution

A. Determination of the arches A;

entz equation along the center line of the arch needs to be corrected within
— the cathode sheath. Indeed, at a positzoim the sheath a
d_U: E(E+v_><_) (2 HEE has a potential energy equal |®V(z)|. Hence, only
dt m ' the HEE with energy higher thafeV(z)| can reach that

heightz. As D(E) is homogenous, the numbbi|eM2)|) of

ith v, tively, being the ch d
Wi G, m, v, respectively, being e cnarge, mass, and vey, e\, energy higher thale\(2)| in the discharge is given

locity of the electron. The magnetic fie® is analytically

calculated by introducing magnetic chargéstor calculat- by
ing the electric field it is assumed thaE varies linearly _ leVyl
within a distancelgz above the target surface, i.e., the poten- N(leV(2)))= ‘ev(z)lD(E)dE~|eVd| —leV(2)]. (5)

tial V(2) is given by
v Similarly, the total amount of HEE i8l(E;y ) ~|eVy| be-
Vd_ 2 - o= causeleVy|>E;o, 1. Hence, the correction factor at height
V(z)= dé[z (z0+de)] ZO+dE/Z/ZO_ (3)  inthe sheath i$eVy-eV(2)|/|eVy|. In this way, the normal-
ized spatial HEE distribution along the center line of each
arch is determined.
Hence dg represents the sheath thickness. The Lorentz equa- The maximum distance a HEE can be away from the
tion is numerically solved using the fourth order Runge—magnetic field line around which it gyrates is given by its
Kutta method. Larmor radiusr, . As the gaussian distribution becomes
For a positiorx; the maximum heightgg; that the SE can practically zero at three times its widi, we attribute to
reach is deduced from the collisionless SE orbit. By retracinggach archA; a gaussian distribution in the direction perpen-
the magnetic field line that intersects the target at that posidicular to the magnetic field line. At=0 this gaussian is
tion x; the heightzyr; of the magnetic field line above the represented bys;(2). Its width ¢ is set equal tar /3 and
target atx=0 is determined. The-valuez; of the center of G;(2) reaches its maximum at the centgrof the archA,
archA; atx=0 is defined as (Fig. 2.

0 Z>ZO+dE
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B. Modeling of the transfer of HEE among arches with s; the average distance a SE emittec;atravels before

it is recaptured and the mean free path of the SE in the
Hischarge taking into account ionization, excitation, and elas-
tic collisions. Hence, we can formulate an intermediate oc-
cupation profileu;’:

A change in the direction of the velocity vector of a HEE
due to an interaction with the discharge gas can transfer
from one arch ;) to another ;). The probabilityt;; that
this transfer occurs is proportional with the value @f
aroundz; . This is shown in Fig. 2 by the hatched surface at u/=rf;. (12
z;. Introducingdz; as (4 1-z;.1)/2 and linearizingG; in the

interval[z- 62,2, 7+ 52,/2] we find Second, the creation of an electron-ion pair can produce a

HEE if the ionization occurs at a height for which

- il |eV(2)|>Ejonnis valid. When this happens, there is an extra
tij ”f 5 Gi(2)d2=G;(2)6z. (6)  energy input to the discharge equaleM2)| if the energy of
4 the primary electron is not considered. This extra energy in-

put by a HEE at height can be described by giving the HEE

From Fig. 2 it can be deduced that only the fractig/|x;| _
a correction factor

of the archA; overlaps withA;. Such partial overlap only

occurs |fAZ|] gAXij with AXij = |Xi|' |X]| andAZij = |Zi' Zjl |eV(Z)|
As it reduces the transfer of HEE froAy to A; this interac- + levy (13
tion needs to be corrected with, :

For an archA; with A;(2) elements at height the correction

Az, 1o ﬂ Xi Az <1 factor h; is given by the weighted average of the individual
AXjj Axij | |xj|  Axij @ correction factors
Gij= .
) ] 8%, | Sleviala@)
AX;; hi=1+ 14
. Y T evd T ZA@ (44
Combining Eqgs(6) and(7) we find Z
tij~¢i;G(2) 6z, (8)  As deduced in the previous section a SE emitted in #ich

) - o has a probabilit)ﬂ'}‘i to transfer toA; at interactiork. Hence,
from which the probabilities;; can be deduced by requiring gy 1o jonization in the sheath, a SE emitted at position

needs a correction factg; given by

i

. o S ) a9
This way the matrixT, which is a square matrix, is con- kel

structed. In reality the HEE do not interact once but severafrhus, taking into account ionization in the sheath transforms
times. The probabilit}tizj that at the second interaction the u/ into u; :

HEE transfers fromA; to A; is given by

uf =uig;. (16)
tizj:z tirctyj - (100  Third, we need the transfer matrik,, that describes the
K transfer of HEE among the arches averaged ). As
This is equal to elemeritj of the matrixT2=T*T. Hence, D(E) is constantT,is given by
the element that gives the probability that a HEE that started 1
in A is transferred t@\; at interactiormis elementi,j of T™. Tavg—== Z T, (17)
The accurateness of this approach is discussed in Sec. lll. ni=o

becausel’ contains the transfer probabilities at interaction
(TO represents the unit mat)ixThe numben represents the
total amount of interactions a HEE undergoes until it has an

energy below the ionization thresholl,, y, (see also Sec.
In this part we will deduce the relation between an emis-|||). The final occupation profile is then given by

sion profiler (a set of values; each of which corresponds

C. Deduction of the HEE-density H

with the amount of SE emitted at position on the target uizz TavaikUp - (18)
and the corresponding occupation profilthat characterizes 3 ¢
the HEE distributiorH in the discharge. Given Eq.(1) theseu; characterize the HEE distribution of

First, we tak_e into account that only a fractii_qu the SE  he discharge.
released ax; will effectively interact with the discharge gas _ o _
because the rest is recaptured by the target. This recapturelfs Deduction of ionization and resulting target
due to the small initial energy of the SE when they are emitPombardment

ted from the target and is characterized by For this part of the model we start from a known HEE
s distribution H. In order to deduce the ionization caused by
fi=l—-e™ ¥ (1)  thisH we would in principle need to calculate the probability
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P(E) for an ionizing collision during a certain time interval
g for each electron energf. The ionization probability
P(E) is given by

ionization (%)

v &t \/ﬁ
P(E)=1—€ Xo(B)=1—€ Xg(B) Vm, (19

with \on(E) as the electron mean free path for ionization.
For E above approximately 100 e¥;,,(E) has an energy
dependence close tB%°. Therefore, we consideP(E) as
independent ofE which meansl ~H. Although the exact
relation can be determined, this proportionality is sufficient
as we limit ourselves to normalized distributions.

If we assume that the ions reach the target without under-

6
5 % —_
going any collisions, the amountYgp; of sputtered target 24 SN [72mm
atoms at positior; is calculated as g 3 . DY
] 5 [x[=10mm_e
Yspi= 2 | leVy—eV(2)| (20 LN v A
= X,Z eVy—eV(2)|), oZse Mg e,
SPiT < (X,2)yse |eVy (2)]) 02 : ‘ ‘ s
-15 -10 -5 0 5 10 15
with ysg(E) as the ion energy dependent sputter yield. From x-axis (mm)
this the erosion profilew can be determined asv;~ (b)

—Ygp;. For our calculations we used data for argon on
aluminum?® Given the SE vyieldy, we can deduceY o Fic. 3. Plots of the normalized ionization distributiohésolid line) and| yc

which is the amount of SE emitted from the target at positior{dotS integrated along the axis (a) and along thez axis (b) for [x|=2 and
X - x|=10 mm. The magnet system used for these calculations is defined by
i .

d=36 mm,s=12 mm,B,=0.7 T andzy,=15 mm. Furthermore we s&fy
=-—300 V andp=0.5 Pa.

YSE,i=§ 1(x,2) 7. (21)

IIl. COMPARISON WITH MC SIMULATIONS

E. Self-consistency In Sec. Il several assumptions were made to model the

The model so far allows to determine the normalized ion-motion of the HEE and their interactions. Therefore, results
ization distributionl for a given emission profilg; . This| from our model are compared with MC results. We use the
leads to the SE emission profigg; at the target which isin  geometry shown in Fig. 1 with a magnet system described by
fact a new emission profile; ;. In steady stat¢éSS both ~ d=36 mm,B,=0.7 T, ands=12 mm. This results in a maxi-
emission profiles should be the same. To find this SS emignum horizontal magnetic field strength at the target surface
sion profiler; ssthe procedure that leads fromgtor;;is  of 0.061 T. Furthermore, we chood&=—300 V andz,
repeated, each time redefining, as the new; . Through =15 mm. In this section the sheath thickneks and the
iteration the ratior; ,/r; o can be made constant for a given pressure are assumed to be known and given the values 1.0
magnet system, discharge voltagg, sheath regiodz, and mm and 0.5 Pa, respectively. The Lorentz equalioa. (2)]
pressurep. However, the conditiom; ; =r; o =r; sscan only  for the electron motion is combined with the algorithm found
be obtained for a particular pressui®ec. IV). Therefore, in Ref. 12 for MC treatment of the collisions. lonization,
when a constant; ; /r; o was reached the pressure was variedexcitation, and elastic collisions were taken into account by
until r g =r; ; =r; sswas found. Thenl, was integrated over using the cross sections as reported by Kosaki and K&hdo.
thex direction so that the normalized ionization profile in the Only energy loss due to ionization and excitation is consid-
direction perpendicular to the target was obtained. The posiered: for an ionization the electron energy reduction was ap-
tion z), of the maximum of this profile was determined. Ac- proximated by 16 eM=E,,,), for an excitation by 12 eV
cording to simulations of Kondo and Narfuhe distance (=Eg.).® From the positionsc=—10, —2, 2 and 10 mm
above the target where the ionization density is the highes2000 electrons were emitted and followed until a limit of 2
(zy) is approximately equal to the distance above the target.s had elapsed or until their energy dropped below 30 eV,
where the electric field becomes practically zedg); Con-  whichever occurred first. This energy threshold was chosen
sequently, the whole procedure was iterated whtiequal to  because below this energy the probability for an ionization is
z\, was obtained. Therefore, we can conclude that throughlrery small. In this way the ionization distributidigc in the
iteration a self-consistent SE emission profile, pressure, anklz plane is determined. The integrated profiles alongxhe
cathode sheath thickness is obtained for a given magnet syaxis andz axis of I,c are shown in Fig. 3 fofx=2 and
tem and discharge voltage. [x|=10.
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These simulations reveal that on average approximately 3
30% of the collisions were ionizing, 10% were excitations 2 e o, 2%

and 60% were elastic collisions. This means that in this elec- . xfr }{WW N X‘&x
0 £;<¢ X“m..‘ M*‘f :\};g
-1 °r |

tron energy range the total number of collisiamsvhich an

electron undergoemeeded for Sec. Jlican be approximated
by three times the number of ionizing collisiong,,. The
numbern;y, is given by:

profiles ru,w (%)

-2 ———

*w
E_ Eion,th -3 T T T T T
o 22
ion,eff -15 -10 -5 0 5 10 15

x -axis (mm)

Nion=

with Ejon et the average effective energy needed to create an

ion-electron pair. Taking into account only ionizations andgg. 4. steady state results of the emission prafilte occupation profile

excitations as energy dissipating colliSiolS,n ¢ iS deter-  and the erosion profilev along the target for a discharge with the same

mined by magnet system as used for Fig.\3;, was set to—300 V. The self-consistent
pressure of this system is 0.26 Pa.

NionEiont N
Eionef=——— ex£exc. (23)  most occupied arches have larger absotut@lues(here 5

Mion <|x|<10). The erosion profilevsg corresponding with the
Given the relative occurrence of ionization and excitation weoccupation profilaigg is also plotted in Fig. 4.
find Ejon =20 eV which is lower than the value of 30 eV For a givenVy and magnet system the iteration procedure
proposed by Thorntotf. Based on these MC results we ap- results only for a particular pressure in a SS solufiBec.
proximaten for a discharge with/4 as II). In order to understand this we recall the equation for
determining the minimum discharge voltayg i, in a pla-

Vyl—1
nmg%; _ (24)  nar magnetrof?
. ' Eion,eff
To compare the MC results with our model we define the |€ Vg, minl = ver | (26)
following emission profiler: _ efft . ,
with y. as the effective SE yield as seen by the discharge. In
0 [x]#2 Ref. 15 y.4= 0.5y is assumed which is based on an estima-

ri= (25)

tion of Thornton'* Starting from an emission profiless we
are able to calculates: from Egs.(12) and (16) follows
that r; emitted SE result ir;f;g; HEE in the discharge.
Hence, a positionx; has an effective SE yielglys; given by

1 |Xi | = 2
As n is known, Eqgs(1) and(12)—(18) allow to determind
corresponding with an electron emitted [gt=2. The inte-
grated profiles along the axis andz axis of | are shown in
Fig. 3 for|x|=2. Similarly, thel corresponding withx|=10 Vetr,i = ¥figi - (27)
can be determined. As can be seen agraedl ,c very well  The effective SE yield as seen by the discharge is then;the
for both x positions which shows the validity of our ap- weighted average Ofe ; :

proach. Moreover, the proposed method calculates the ion-

ization distribution practically instantaneously compared Z Veftili E figir;

with the MC simulations. o= : —y ! _ (29)

NS NS
IV. RESULTS AND DISCUSSION : :
We find for the SS solutiony.z=0.067 which results in
V4 min=Vq. Hence, the pressure found through the iteration

procedure is the pressure for whialy is the theoretical
For the calculations in this section the same magnet sysminimum discharge voltag¥y min -

tem as in Sec. lll is used. To determine the properties of the )

arches, SE were released from the target at position§: Pressure dependence of the discharge
x=0.125,0.375,...,14.875. For calculating the recapture prob- For a whole range o4 the SS condition and correspond-
abilities the SE were given an initial energy equal to 4 eV.ing discharge properties were simulated. Based on these re-
The discharge voltage was sett800 V, a typical value for  sultsVy i, is plotted as a function of pressure in Figap at

a laboratory scale planar magnetron. To start the iteratiohigh pressure¥y , varies only slowly with pressure while
proceduredg was set to 1.0 mm ang to 0.5 Pa. In the SS at low pressures it increases strongly with decreasing pres-
we foundp=0.26 Pa andl=0.97 mm. The corresponding sure. This pressure dependence corresponds well with the
emission profiler g5 that gives the relative amount of SE observations reported by Chargall® However, they mea-
emitted at the target is plotted in Fig. 4. Due to interactionssured that at high pressures the discharge voltage remains
the original emission profile evolves into the occupation pro-almost constant while our simulations show a slight de-
file ugs. Comparingrss anduss reveals that although most crease. This is probably because of the assumption of colli-
SE are emitted at the center of the race trédurex=0) the  sionless ion movement in our model which is no longer valid

A. Discharge properties for a given  V,; and magnet
system
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600 1 son with the experiment, exact quantitative agreement cannot
500 be expected. Nevertheless, the good qualitative agreement
§ 400 \ between experiments and simulations for the pressure depen-
~ 300 \ dence of both discharge voltage and erosion profile and the
E \\ realistic values found for the self-consistent pressures show
I 200 —_— -

the validity of the model.
100
0 T T T T T T T T T T T T T T T T T T T
0.0 0.5 1.0 15 2.0 V. CONCLUSIONS
pressure (Pa) In this article we presented a two-dimensional model for a
(a) planar magnetron discharge. The model is based on the mo-

tion of the HEE which are the electrons with enough energy
to ionize. For sufficiently strong magnetic fields this motion
can be modeled by considering the discharge as built up by
arch shaped regions. The properties of the arches were deter-
mined by calculating the collisionless secondary electron or-
2 1 4 p=0.75Pa bits corresponding with these arches. The interactions of the
55 Llop=042pa HEE with the discharge gas are modeled by introducing in-
) x p=0.11Pa s teraction matrices that describe the transfer of HEE among
-3 A the arches. From the HEE distribution the ionization can be
-3.5 deduced. There is good agreement between this method and
-15 -5 5 15 Monte Carlo simulations.
x -axis (mm) Once the ionization is known, the SE emission and the
(b) sputter erosion can be calculated. For a given magnet system
Fic. 5. The pressure dependence\@fnﬁn (&) and of the erosion profilev gg?erdrrllsirfzgr?f‘nero\ijog;f?tirgls):altth nge)esar;ggﬂt]hg:l;l](igevs\lsascir:}I;/Je
(b) for the same magnet system as Fig. 3. :
possible for a specific pressure, namely the pressure for
which the discharge voltage is the theoretical minimum dis-
charge voltage to maintain the discharge. The model was
at these high pressures. In Fighpthe normalized erosion aple to reproduce the experimentally reported pressure de-
profiles for four different pressures are plotted: at high prespendence of the discharge voltage and erosion profile of a
sures the pressure dependence is weak but it becomes strgflanar magnetron. Moreover, the model reveals that the main
ger with decreasing pressure. We reported the experimentghuse for the pressure dependence is not the escape of elec-

observation of this widening of the erosion profile in previ- trons out of the magnetic trap but the recapture of SE at the
ous work® These simulation results confirm the explanationtarget.

given for the widening of the erosion profile: with decreasing

pressurgiincreasing)) the fractionf; of SE that effectively

interacts with the discharge decreafgg. (11)]. This effect ACKNOWLEDGMENT
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