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Introduction 
 
A deposition of thin films by magnetron sputtering is 

a widely used technique. When a reactive gas is added to the 
deposition chamber, the process of the sputtering becomes 
different and it is referred to as the reactive sputtering. The 
main advantage of the reactive sputtering is its ability to de-
posit complex films, for example nitride or oxide films. To set 
working conditions during the deposition itself, it is easier to 
use the flow of the reactive gas rather then its partial pressure. 
However, the process controlled by the reactive gas flow ex-
hibits a hysteresis behaviour.  

At a certain flow of the reactive gas, the system transits 
from the metallic to the compound mode and vice versa de-
pending on whether the flow of the reactive gas is increased 
or decreased. This transition is caused by the fact that when 
increasing the reactive gas flow the growing thin film reaches 
its gettering capability and the partial pressure of the reactive 
gas suddenly increases. As a consequence the reactive gas 
gettering to the target rises resulting in a compound formation 
at the target. The process of the target coverage by the com-
pound layer is called the target poisoning. The inverse process 
is called the target cleaning. The compound sputtering yield is 
however usually lower then the metal sputtering yield, so the 
poisoned target is more difficult to sputter. Thus to ensure 
always the same conditions for growing of thin films during 
depositions are very different. 

For better understanding of the reactive sputtering proc-
ess a reliable model is needed. The model well describing the 
observed behaviour was developed by S. Berg and his col-
leagues1−4 during past two decades. Nevertheless Berg's 
model postulates the uniform discharge current density over 
the magnetron cathode. But the discharge current density is 
very non-uniform in the magnetron configuration due to the 
presence of the magnetic field. In front of the magnetron cath-
ode high dense toroidal plasma is formed. Thus the racetrack 
part is significantly more sputtered then the central part of the 
target and its edges. We have modified the original Berg’s 
model in order to accommodate the non-uniformity of the 
discharge current density. Here we present results for various 
profiles of the discharge current density over the magnetron 
cathode. 

Model enhancement 
 
Berg's model is described by sets of fundamental equa-

tions that represent main processes occurring during the depo-
sition. The model assumes that the discharge current density 
is uniform, that the reactive gas does not contribute to the 
sputtering, that the compound layer is formed on the magne-
tron cathode only in a form of a monolayer and that the den-
sity of the reactive gas is the same in the whole deposition 
chamber. Following stoichiometry is assumed − the com-
pound molecule contains always one metallic atom and one 
atom of the reactive gas and the reactive gas molecule is com-
posed of two atoms. The model1 assumes that the vacuum 
chamber contains the target of the area At which is placed in 
front of the collecting area Ac including the substrate. The 
chamber is pumped by a vacuum pump of constant pumping 
speed S. Presence of the reactive gas in the deposition cham-
ber causes a fraction θt (θc) of the target (substrate) to be cov-
ered by compound molecules. Since the target is intensively 
sputtered by impacts of ions originating from the plasma 
(discharge current density J) θt is always lower than θc. The 
total supply of the reactive gas Qtot is either consumed at the 
target (Qt) or at the substrate (Qc) or escape from the deposi-
tion chamber via the pumping system (Qp). The resulting 
partial pressure of the reactive gas is denoted P. At the steady 
state conditions, number of compound molecules out-
sputtered from the target must be the same as twice the num-
ber of reaction between neutral reactive gas molecules and 
not-reacted target material. 

The briefly described Berg's model1 has been extended 
in order to accommodate the non-uniformity of the discharge 
current. The target has been artificially divided into N annuli. 
Each of the annuli is so small, that the discharge current den-
sity can be assumed to be constant within. Thus each of target 
annuli is treated in the same way as the whole magnetron 
target is treated by Berg's model. For each of them, a balance 
equation is written and total fluxes of sputtered metals and 
compound molecules are given as the summary of contribu-
tions from all annuli.  

Previously such approach has been already applied as-

Fig. 1. Various profiles of the discharge current density. All of 
assumed shapes were constructed to have the maximum at the half 
radius of the target and the total current value of 0.5 A 
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suming triangular shapes of the discharge current density5. In 
this particular paper, we are going to present mainly results 
for Gaussian current density profiles and their comparison to 
Berg's model with the uniform current density.  Various 
shapes of discharge current density profiles have been as-
sumed (see Fig. 1). These profiles of the discharge current 
density were constructed to acquire the same total discharge 
current 0.5 A as in the Berg's case. Four Gaussian profiles 
with different values of the full width at half maximum and 
one triangular profile have been created. All of them have the 
maximum of the total discharge current density at the half 
radius of the target. 

For clear comparison of Berg's model and our results 
from the modified model we kept input parameters such as 
sputtering yields, areas of the target and the substrate, the total 
discharge current etc. the same as in the original Berg's 
model1.  

 
 

Results and discussion 
 
Assuming the non-linear profile of the discharge current 

density it is obvious that target parts with lower discharge 
current density are less sputtered then parts with higher den-
sity and the general behaviour of the sputtering process is 
mainly ruled by the condition at the racetrack. The less-
sputtered parts of the target are also more covered by the 
compound. However, to quantify this statement, the calcula-
tion has to been performed. Since the sputtering rate of the 
metallic atoms from the poisoned parts of the target is lower 
than form the clean surface, during the reactive deposition the 
target changes its sputtering capability due to the formation of 
the compound at the target surface. At a certain flow of the 
reactive gas, the growing thin film can attain its gettering 
capability and the partial pressure of the reactive gas leaps up 
and causes the target to become more and more poisoned. 
This situation is the transition from the metallic to the com-
pound mode of the sputtering process (M-C transition). In 

Fig. 2 there is calculated target compound coverage for these 
two modes of operations. Generally the target in the com-
pound mode is by 50 % more covered by the compound layer 
then in the metallic mode. Recently, similar evolution has 
been measured experimentally6. Steeper profiles better restrict 
the racetrack and because it plays dominant role during the 
sputtering process thus the target erosion rate should be sub-
sequently higher. 

As it was concluded above the erosion rate is highest for 
the steepest profile. The target erosion rate as a function of the 
partial pressure of the reactive gas is plotted in Fig. 3. The 
target erosion rate varies mainly at higher partial pressures of 
the reactive gas. In the case for 20 mPa the difference be-
tween erosion rates for the uniform and the Gaussian profile 
with FWHM 0.01 m is up to 5⋅1017 particles per square meter 
per second i.e. almost 25 percent. It can be also noted that the 
outputs for the Gaussian profile with FWHM 0.04 m and 

Fig. 2. Target compound composition for various discharge cur-
rent density profiles. Dashed lines represent situation before   M-C 
transition and continuous lines represent situation before C-M transi-
tion 

Fig. 3. The target erosion rate as a function of the partial pressure 
of the reactive gas modelled for the uniform, the triangular and 
four Gaussian discharge current density profiles 

Fig. 4. Modelled deposition rate as a function of the partial pres-
sure of the reactive gas for four Gaussian profiles with different 
full width at the half maximum, the triangular profile and the 
uniform Berg's case. All sharp profiles have the maximum at the 
half radius of the target and they were constructed in order to obtain 
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previously studied triangular profile are very similar. This 
reflects the fact that the profiles themselves are alike. 

In practice it is desirable to obtain high deposition rates 
during the growing of thin films. In Fig. 4, we present the 
deposition rate as a function of the partial pressure of the 
reactive gas for all studied models in order to settle if there is 
any considerable difference. Comparing to Berg's case, higher 
deposition rates have been achieved for any of assumed non-
uniform profiles of the cathode load. The situation for the 
triangular profile and the Gaussian profile with FWHM 0.4 m 
is almost the same. But if a steeper Gaussian profiles is used 
higher deposition rate can be reached. The explanation is 
following. If a very pointy steep shape is used, fluxes of metal 
and compound particles from the racetrack of the target will 
be much higher even though a great part of the target will be 
completely covered by the compound. This is because so 
called  
poisoned parts of the target are practically not sputtered for 
there is very low or almost negligible discharge current den-
sity. 

If the sputtering process is controlled by the flow of the 
reactive gas the whole process exhibits the hysteresis behav-
iour. In Fig. 5 the relation between the partial pressure of the 
reactive gas and the total reactive gas supply rate is shown. 
The hysteresis behaviour is clearly distinguishable. If the 
reactive gas flow is continuously increased the abrupt jump 
towards higher partial pressures of the reactive gas occurs. 
This is the transition from the metallic to the compound 
mode. When decreasing the flow of the reactive gas it is nec-
essary to decrease the flow even lower to clear the target. The 
clearing of the target represents the C-M transition. 

Modelling with non-linear profiles of the discharge cur-
rent density there are different conditions for the transitions 
between two modes of operation. For steeper profiles the 
whole hysteresis region is shifted towards higher total reactive 
gas supply rates. This comes from the fact that if the target is 
more sputtered as it is for cases with non-uniform discharge 
current density profiles, higher reactive gas flow is needed to 
poison the target in that scale that it would switch from the 

metallic mode to the compound one and vice versa. The dif-
ference in amount of the total reactive gas supply needed for 
the M-C transition for the target exposed to the uniform dis-
charge current and to the Gaussian profile (FWHM 0.01 m) 
reaches non-negligible 0.8 sccm. Not only the point of the 
transition is shifted, there is also a pressure shift, in heights of 
transitions. The target in Berg's case in the M-C transition 
jumps over 35 mPa whereas the Gaussian profile (FWHM 
0.01 m) undergoes the jump over 42 mPa. In closer look at the 
Fig. 3, the slight difference can be noticed even in the width 
of the hysteresis region. This difference is not more then 5 % 
for models with non-uniform discharge current density pro-
files compared to Berg's case, with one exception which cor-
responds to the most extreme Gaussian profile (FWHM 
0.01 m). The hysteresis width is about 15 % narrower then in 
the Berg's case.  

The results using steep Gaussian profiles are very simi-
lar to situation when smaller targets are used. The effective 
area of the target is narrowed to the racetrack part. The advan-
tage of these Gaussian profiles is that the discharge current 
density at edges and at the centre of the target is not zero as in 
the experiment. 

 
 

Conclusion 
 
We have presented an enhanced model for the reactive 

magnetron sputtering which takes into account the non-
homogeneity of the discharge current density. Instead of pre-
viously artificially used triangular shapes of the discharge 
current density, more realistic Gaussian profiles were as-
sumed. If a steeper profile is used higher target erosion and 
deposition rate can be achieved. The hysteresis region is gen-
erally shifted towards higher reactive gas supply rates for 
steeper profiles. However the hysteresis region itself does not 
significantly differ. 

The general behaviour of processes with steep discharge 
currents densities is similar to processes that use small tar-
gets4. It is like the target effectively decreases its area. But 
when using Gaussian profiles the discharge current density at 
the edges and at the centre of the target is not zero but is very 
low. 
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Fig. 5. Modelled dependency of the partial pressure of the reac-
tive gas on the total supply rate of the reactive gas. The relation is 
shown for various profiles of the discharge current density, for four 
Gaussian curves and for the triangular profile and the uniform Berg's 
case  
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In the classical magnetron configuration, the non-

uniform magnetic field is applied in order to enhance the tar-
get sputtering at a given applied voltage. As a consequence, 
the cathode load is non-uniform, too. There is a clearly de-
fined part of the target which is intensively sputtered, so 
called racetrack. This fact is not taken into account in well 
known Berg's model that assumes a uniform current density 
over the target. Thus the target in the Berg's case is sputtered 
homogeneously. We present a modification of the classical 
model when the Gaussian current density profile that should 
better describe the real situation is assumed. The deposition 
rate, the target erosion rate and the hysteresis region are com-
pared to previously studied model with a triangular profile 
and to the original Berg's model. 


