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Reactive magnetron sputtering is a widely used technique for deposition of various 
compound thin films such as oxides and nitrides. This contribution deals with 
process modelling for reactive sputtering. A brief discussion of the hysteresis effect 
and classical Berg’s model is presented, followed by examples of application. 
Finally, some current topics in reactive sputtering are presented. 
  

 

1 Introduction 
Reactive magnetron sputtering is a widely used 
technique to deposit compound thin films such as 
oxides and nitrides. One of the reasons for its 
popularity is that it is possible to deposit wide 
variety of compounds by simple addition of a 
reactive gas to the sputtering process.  Another 
advantage of magnetron sputtering is high 
versatility of the method and ease of up-scaling. 
Some examples of industrial applications of 
reactive sputtering are large area coatings on 
glass, transparent conductive coatings for 
photovoltaics, or decorative layers on various 
substrates. 
The main issue of reactive sputtering is the 
presence of hysteresis effects when the reactive 
gas supply is changed. As a consequence of 
complex interaction between the reactive gas and 
the sputtered metal, the relation between 
deposition rate or composition of the coating and 
flow of reactive gas is very non-linear and 
usually exhibits hysteresis behaviour. 
Combining a high deposition rate and true 
compound stoichiometry of the deposited film 
turn out to appear as contradicting desires. 
The hysteresis behaviour is illustrated in Fig. 1, 
showing a typical processing curve for target 
erosion rate vs. flow of the reactive gas. 
Obviously, the film deposition rate is 
proportional to the erosion rate and shows the 
same dependency on the flow of reactive gas. 
Increasing the reactive gas flow, such as O2, from 
pure Ar sputtering, results in a small initial 
decrease in the erosion rate until a critical point 
(A) is reached, where the rate drops in an 

avalanche manner to a very low value (B) 
corresponding to the so-called compound mode. 
In the compound mode, the target surface is 
covered with a compound layer which has 
typically sputtering yield much lower than the 
corresponding metal. Decreasing the flow from 
this point will leave the process in compound 
mode until another transition value (C) is 
reached. At this point, the deposition rate will 
come back to the metal mode (D). In metal mode, 
there is very little compound at the target surface 
and the deposition rates are comparable to rates 
for pure metals. Films deposited in metal mode 
are typically substochiometric, while operation 
in compound mode results in stoichiometric or 
over-stoichiometric coatings, depending on the 
material system. 
 

 
Fig. 1: Typical experimental curve for sputter 
erosion rate in reactive sputtering process as 
measured by optical emission spectroscopy. 

 
Operation inside the transition area, between 
points A and D is often required in order to 
achieve high deposition rate of stoichiometric 
compound. Since the process is unstable when 



only the flow of reactive gas is controlled, a 
suitable feedback system may be necessary. 
Different feedback signals may be used and 
optical emission spectroscopy, mass 
spectroscopy or a lambda probes are commonly 
used [1]. 

2 Process modelling 
The hysteresis behaviour is a function of various 
process parameters such as pumping speed, or 
system geometry [2]. Modelling of the sputtering 
process is therefore very useful tool not only for 
fundamental understanding of the underlying 
physics, but also for process development and 
optimization. The classical “Berg’s” model has 
been proven useful because despite its 
simplicity, it can correctly describe the general 
behaviour of a reactive sputtering process and 
substantially reduce trial-and-error testing. The 
model was published for the first time in 1987 [3] 
and in the simplest version assumes steady state, 
taking into account only chemisorption of 
reactive gas on metallic surfaces of the target and 
substrate, and sputtering from the target. 
Detailed description of the model and its 
assumptions is provided in a review paper by 
Berg [4]. As an example, the model can be used 
to predict deposition rate and film composition 
as a function of process conditions with an 
example in Fig. 2, showing the influence of 
pumping speed on target erosion rate. It was first 
proposed by Kadlec et al. [5] that for high 
pumping speed the hysteresis may be avoided. In 
many cases, however, this would require 
extremely high pumping speeds. 
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Fig. 2: Sputtering rate vs. the flow of reactive gas 

calculated for three values of pumping speed. 
With increasing pumping speed, the hysteresis is 

reduced and finally removed. 

One of the main advantages of the model is its 
simplicity which is the main reason for its 
frequent use. It relies on several input 
parameters, such as sputtering yields or reactive 
gas sticking coefficient, which are not well know 
in some cases, however. Some possible 
extensions of the model are discussed in the 
following section. 
 
3 Examples of recent applications 

3.1   Dynamics in reactive sputtering 

An optimum design of a feed-back control 
system depends on the dynamical behaviour of 
the process to be controlled. Therefore, dynamics 
of reactive sputtering has to be adequately 
described in order to predict the system response 
to a change in e.g. reactive gas flow or discharge 
power. For this purpose, the steady state model 
has been extended to take into account additional 
effects. As shown by Depla et al. [6], an 
implantation of reactive gas atoms into the target 
surface has a substantial influence on the 
dynamic behaviour and can not be neglected in a 
dynamical model. Direct and recoil implantation 
leads to a formation of thicker compound layer 
on the target surface. Although this effect has 
only a small influence on the steady state 
hysteresis, thickness of the implanted layer 
determines the transition response of the system. 
In addition to standard chemisorption, the 
reactive gas may also be incorporated by 
implantation. The implanted compound layer has 
a thickness of several nm. 
 We have shown that process dynamics may 
influence the shape and width of hysteresis curve 
when performing fast measurements [7]. The 
extended model has also been successfully 
employed for simulations of sputtering with 
reactive gas pulsing. In this process, the O2 is 
introduced in pulsed manner. Fig. 3 shows the 
comparison between experimental (a) and 
simulated (b) discharge voltage and pressure 
during one period. O2 is introduced in t=0 and 
shut off at t=25 s, the period of pulsing is 50 s. 
The agreement between simulations and 
experiments is very good and the model also 
predicts the shape of an interface between the 
metal and oxide layers [8].  
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Fig. 3: Experimental (a) and simulated (b) 
process parameters during reactive sputtering of 

WOx with O2 pulsing. Process curves for 
discharge voltage (solid) and pressure (dashed) 

are shown for a period of pulsing of 50 s and 
on time 25 s. 

3.2   High rate deposition of TiO2 
Process modelling has been employed for studies 
of reactive deposition of TiO2 from 
substoichiometric targets. TiO1.8 sputtering 
targets are frequently used for deposition of 
TiO2. The substoichiometric targets are 
conductive, making DC mode of operation 
possible, and reduce the hysteresis as compared 
with sputtering from Ti targets. Reported 
deposition rates, however, were substantially 
higher than rates from a metal target in 
compound mode. In order to explain the 
behaviour, we have analyzed reactive sputtering 
from TiOx targets of various compositions 
together with modeling of the process. 
Lower titanium oxides such as TiO and Ti2O3 are 
created by preferential sputtering of O from 
TiO2. Therefore, the standard model has been 
extended by an additional phase, Ti2O3, at the 
target surface. Using the extended model, we 
could show that the observed behaviour may be 

explained by a very high Ti partial sputtering 
yield from the Ti2O3 phase [9]. While the Ti 
sputtering yield from TiO2 has a value of 0.018, 
about 17 times less than for metallic Ti, the Ti 
yield from Ti2O3 reaches 0.1. High fraction of the 
lower oxide can therefore lead to rates 
comparable with sputtering from a target in 
metal mode. 
 

4 Present topics and issues  

4.1  Hysteresis in reactive HiPIMS 

High Power Impulse Magnetron Sputtering 
(HiPIMS) is a relatively new version of 
magnetron sputtering. This technique provides a 
high degree of ionization of the sputtered species 
offering additional tunable energy input into the 
growing film. Some aspects of reactive processes 
with HiPIMS are still not completely understood, 
however. One such example is the influence of 
HiPIMS on the hysteresis behaviour. It has been 
reported that HiPIMS can reduce the width of 
hysteresis loop in comparison with DC 
sputtering [10]. Fig. 4 demonstrates this 
behaviour for Ce target sputtered in Ar+O2 
atmosphere. It is clear that a wide hysteresis loop 
in DC sputtering is substantially reduced for 
HiPIMS operation.  

 
Fig. 4: Discharge voltage as a function of the O2 
flow during reactive DCMS and HiPIMS of the 

Ce target. For the HiPIMS process pulsing 
frequencies of 1, 2 and 4 kHz were employed. All 
processes were operated at a constant average 
power of 70 W. The effect of pulsing frequency 

on the width of hysteresis loop is obvious. 
 
The influence of frequency of pulsing is also 
interesting and suggests a possible connection 



with gas rarefaction [11]. Different mechanisms 
have been proposed to explain this effect but the 
exact cause is still disputed. 

4.2   Sticking coefficients 
In modelling of reactive depositions, sticking of 
reactive gas molecules at the metal surface and 
subsequent formation of chemical compound is 
usually described using an effective sticking 
coefficient. This value gives the probability that 
an arriving molecules sticks to the surface and 
reacts with a metal atom. In reality, the process 
of adsorption on surfaces and formation of 
compound is rather complex. A value of sticking 
coefficient close to unity, often used in 
simulations, has been questioned and some 
experiments gave much lower values [12]. So 
far, however, no evaluation of sticking 
coefficients in the presence of plasma has been 
carried out. 
  
4.3   Gentle deposition processes 
Many materials, formed by reactive sputtering 
with a high electron affinity element, such as O 
or S, suffer from high energy negative ions 
bombardment. Negative ions created at the target 
surface are accelerated in the sheath region to the 
full target potential. Therefore, they impinge the 
film surface with energies up to several hundreds 
eV. Bombardment by species with such high 
energies is detrimental for many materials, for 
example transparent conductive oxides or 
electronic materials in general. An ideal 
deposition process would combine all the 
advantages of a standard magnetron sputtering 
except for the formation of negative ions. If the 
reactive element can be prevented from reaching 
the target surface, it would be possible to avoid 
formation of negative species. Alternatively, it 
has been suggested to shield away the energetic 
species by means of a shutter. All the techniques 
so far have substantial drawbacks and a suitable 
solution remains to be found. 
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