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Óbuda University Budapest, Hungary

email: madarasz.rossi@phd.uni-obuda.hu

András KELEMEN
Sapientia Hungarian University

of Transylvania
Cluj-Napoca, Romania

email: kandras@ms.sapientia.ro
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Abstract. The paper focuses on providing an insight into the current
state of computational modeling regarding reactive magnetron sputter-
ing systems. A detailed compilation of developed models is gathered and
grouped into categories based on the phenomena being modeled. The
survey covers models developed for the analysis of magnetron discharges,
particle -surface interactions at the target and the substrate, as well as
macroscopic models. Corresponding software packages available online
are also presented. After gaining the necessary insight into the current
state of research, a list of the most challenging tasks is given, compar-
ing different approaches, that have been used to combat the encountered
difficulties. The challenges associated with modeling tasks range from
analytical complexity, mathematical know-how used for model approx-
imation and reduction, as well as optimization between computational
load and result accuracy. As a conclusion, the future challenges are com-
piled into a list and a probable direction in modeling is given, that is
likely to be further pursued.
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1 Introduction

The goal of the survey is to offer a brief insight into the current state and results
of different mathematical and computer modeling techniques and approaches
used to investigate reactive magnetron sputtering.

Sputtering is a subclass of PVD - Physical Vapor Deposition, which is an
essential process in manufacturing integrated circuits, photovoltaic modules,
specialized optical and mechanical equipment. It is a process used for the
creation of extremely thin (even down to atomic) coating layers on differ-
ent surfaces in order to achieve better physical, chemical, optical or electrical
characteristics, than those of the coated material itself. Among others, the
use of this technique allows the formation of transparent but also conducting
layers, which are essential in optics. The process essentially consists of the re-
moval of material from one or more target surfaces and their deposition onto
a surface that is required to have improved characteristics, also known as the
substrate. This removal process is accomplished with the help of high energy
noble gas ions which bombard the surface of the target due to the presence
of an electric field. With the addition of a magnet behind the target one can
achieve magnetron sputtering, greatly increasing the ionization efficiency and
the sputtering yield.

With the introduction of one or more reactive gases into the vacuum cham-
ber, reactive magnetron sputtering is achieved, which allows the formation of
different compounds like oxides and nitrides. Reactive magnetron sputtering
has been extensively studied and modeled in the past few decades.

There are several approaches and technologies used for magnetron sputter-
ing, such as DC (direct current) sputtering, pulsed DC sputtering, AC (al-
ternating current) sputtering, HiPIMS (high power impulse magnetron sput-
tering) and RF (radio frequency) sputtering. All of the different coating tech-
niques mentioned require highly specialized operating environments in order to
function correctly. The creation of a high vacuum environment (pressure in the
range of a few Pascals) is mandatory. At such low pressures, different metals
begin to evaporate, hindering the insertion of any nonspecialized equipment
into the sputtering chamber. Simple questions as measuring the total or partial
pressure inside the chamber become ever more difficult, requiring special pro-
cesses to be put in place and the indirect calculation of the desired quantity
from the gathered data. In situations like these, the use of a state identifi-
cation algorithm becomes favored. From the control perspective, the system
quickly becomes complex when one simply attempts to count the number of
inputs, outputs and their non-linear cross coupled effect on each other. Each
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of the magnetron sputtering processes set particular challenges from the point
of view of modeling. This paper concentrates on gathering and presenting only
computer modeling approaches used for DC reactive magnetron sputtering.

Due to the specifics of the environment, the overwhelming amount of process
values to which attention has to be paid, the lack of quick and reliable access
to measurable data, control of the process becomes complex enough that many
laboratory experiments are conducted in an open-loop fashion. Therefore, re-
liable reproduction of experiments is still nearly impossible.

These constraints have compelled researchers to develop, test and validate
complex models of the process. Most of the time, financial reasons are the
main driving force behind the need for modeling, especially in industrial ap-
plications. The simplest desire that can be placed is the optimization of the
process to achieve maximum yield. Another desire, which is far more complex
is the achievement of required stoichiometric ratios between the deposited
materials on the surface.

The paper is structured as follows: chapter 1 gives a brief introduction to
the field of study, chapter 2 gives an overview of several prominent research
results in the field of modeling, chapter 3 presents the different modeling tasks
and challenges, and finally, chapter 4 outlines directions that are likely to be
further pursued.

2 Literature survey of modeling approaches

Reactive magnetron sputtering is a complex process with several interacting
subprocesses, representing difficult modeling tasks on their own. One of the
possible approaches is the development of multi-physics models by coupling
the models which describe the plasma, the magnetic field, the transportation
phenomena in the chamber, the interaction of particles with the target, the
thin film deposition on the substrate, etc. Such a model based on the perfect
understanding of the physical phenomena would represent a perfect tool for the
industry. However, the feasibility of a ”virtual sputter tool” [58] resulting from
this bottom-up approach is low, mainly because the level of understanding of
different phenomena is not the same, and there will always be a weak ele-
ment in the chain which might vitiate the overall results. A top-bottom model
development, leading to a ”holistic model” [58], seems to be more feasible.
According to this approach, the development starts from a simplest possible
model which describes ”well enough” the phenomena of interest, and further
on this model suffers extensions according to the necessities to cover other phe-
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nomena as well. Contrary to these ”white box” approaches, the input-output
modeling of the system, which has little to do with the understanding of the
details of its physics, can be very useful for control purposes [62].

According to the bottom-up approach, one may study the phenomena that
are taking place inside the plasma discharge between charged particles. Such
a model must also consider the magnetic field present in the chamber and its
effects on the movement of charged particles.

A very intriguing phenomenon that can be modeled is the interaction be-
tween particles at the surface level of the target, where collisions either lead
to implantation or material removal.

Particle-surface interactions are also studied at the substrate, where the
formation of crystallographic structures is analyzed.

The top-bottom approach is represented in this paper by the extensions of
the Berg model, the simplest one, which can efficiently describe the hysteresis
phenomena in case of a single target, single reactive gas magnetron sputtering.
These are macroscopic models based on equilibrium equations, and are not
more complicated than necessary to reproduce the essential behavior of the
system, trying to remain simple enough to facilitate control.

2.1 Modeling of magnetron discharges

An electric discharge taking place in vacuum can be divided into the following
categories: dark, glow and arc discharge, each with a higher discharge current
than the former.

According to Bogaerts et al. [9] there are three types of model categories
for plasma discharges:

1. Fluid models, which are modeling species in the discharge as ones being
in hydrodynamic equilibrium. The equations that govern are the con-
tinuity equations (fluxes and densities of the species) and the Poisson
equation for the electric field. The fluid model is considered to be the
simplest but also the most inaccurate one.
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2. Kinetic models, which describe the plasma species as beams of parti-
cles. The movement of particles is described by the Boltzmann transport
equations, combined with the Poisson equation.

3. Monte Carlo simulations, that describe the different plasma particles sep-
arately on a statistical basis. This is considered to be the most accurate
method, but it requires considerable computational effort.

Depla and Mahieu compiled a comprehensive study on modeling the electric
discharge in reactive magnetron sputtering [26]. They have grouped models
into two main categories i.e. analytical and numerical. They further split nu-
merical into fluid and kinetic ones. In this approach, kinetic types are either
based on numerical solutions of the Boltzmann equation or on Monte Carlo
simulations, which are also called particle simulations.

Wendt and Lieberman [60, 61] developed a two dimensional analytical model
of the discharge process, taking into account both magnetic and electric fields.

Fluid models [14, 22, 23] have also been presented. These models calculate
the electric field distribution by coupling the Poisson equation to the continuity
and conservation of energy and momentum equations.

The solution of the Boltzmann equation has been widely used for modeling
plasma discharges. The addition of the Lorentz force term complicates the
solver, as presented by Porokhova et al. in [49, 50, 51].

In Monte Carlo simulations the path of a small number of particles is
analyzed, their movement and their collisions being modeled using probabili-
ties and random numbers [53, 29].

Hybrid models have been conceived with the assumption that heavy ions
are practically not affected by the magnetic field, as opposed to the relatively
lightweight electrons. Therefore, ions can be modeled by a fluid model and
electrons can be modeled as particles. This assumption combines high precision
of particle simulation codes with lower computational efforts of fluid codes
[52, 35]. Bogaerts et al. have presented several papers modeling the magnetron
discharge process using Monte-Carlo and hybrid Monte-Carlo simulations [11,
9, 10, 12].

Particle in Cell-Monte Carlo Collision (PIC-MCC) simulations are consid-
ered to be the most powerful available numerical tools. PIC-MCC simulations
combine MC methods with the simulation of the electric field being produced
by an external power supply and with the spatial distribution of the charged
particles in the plasma [8].
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2.2 Modeling particle-target interaction

When studying particle-target interactions at the surface of the target, one
may find in the literature that depending on the kinetic energy and the incident
angle of impact, some ions reach the surface and through chemisorption get
chemically attached to the outermost layer. Others may effectively transfer
their kinetic energy and lead to material removal from the target, and some
may be so energetic that they get implanted into the subsurface and stay there
until enough material is removed for them to resurface. Depla, Strijckmans and
separately Kubart extended existing models by also considering chemisorption,
knock-on yield, ion implantation, redeposition and reaction rate, leading to far
more accurate but also far more complex models [25, 27, 56, 57, 36, 6].

According to [48] Monte Carlo type simulation codes, which have been
proven to be the most effective, have the following major components:

1. the cross-section data for all processes being considered,
2. the algorithms used for the particle transport,
3. the methods used for geometry representation and to handle particle

passage through volumes,
4. the methods to determine quantities of interest and analysis of the in-

formation obtained during the simulation.

Such an example is TRIM, which is a Monte Carlo computer program that
calculates the interactions of energetic ions with amorphous targets (see Fig.
1). SRIM is a collection of software packages that calculate many features
of the transport of ions in matter (see Fig. 2). Both programs were devel-
oped and are maintained by James F. Ziegler and can be downloaded from
http://www.srim.org/.

Other MC based simulation packages are TRIDYN [44, 45], KALYPSO
[32] and ACAT [68]. A comprehensive compilation and review of many other
simulation codes for surface-ion interactions can be found in Chapter 1.2 of
[26].

2.3 Modeling crystal formation on the substrate surface

Modeling the growth of the deposited layer on the substrate is one of the most
complex aspects of modeling the sputtering process. The set of particles arriv-
ing at the substrate include not only outsputtered particles from the target,
but also electrons, gas ions and neutrals [26]. The incoming particles either
settle at the surface by forming chemical bonds depending on the sticking co-
efficient of the atomic pair in discussion, or they migrate on the surface until

mailto:mziegler@srim.org
http://www.srim.org/
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Figure 1: Application example of the TRIM program. Stopping range as a
function of accelerated Argon ion energies using different targets; comparison
of historically measured and simulated data (from http://www.srim.org/).

they reach a large enough crystal lump where they can take part in crystal
formation on the grain boundary [30]. Because of this, the formation of a large
area, even layer is not too common, rather ragged microstructures are formed
[47]. The modeling of such microstructures is essential for example in the fab-
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Figure 2: Application example of the SRIM program. Simulation of implan-
tation depth of Boron ions into a multilayered W/SiO2/Silicon target using
SRIM-2013.00 software (from http://www.srim.org/).

rication of microelectronics, where one may want to fill a narrow trench or via.
In [7] the formation of some crystal structures is predicted based on operating
conditions.

An example software is SiMTra, which is a binary collision Monte Carlo
program (see Fig. 3) that allows the user to simulate the transport of sputtered
particles through the gas phase flux during sputtering.

2.4 Macroscopic modeling of the reactive sputtering process

Similarly to those described in the previous sections, it is obvious that one
must find a balance between complex accurate modeling and simple straight-
forward usability when developing a model. Berg et al. developed a model that
found a balance between simplifications whilst still being accurate enough to
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Figure 3: An input dialog screen of the SIMTRA software package used to
configure the simulation setup (from http://www.draft.ugent.be/).

predict outcomes of experiments [3, 5, 4]. This model is commonly referred to
in the literature as ”Berg’s Model”. The model was constructed by focusing
on the equilibrium equations, studying independent contributions to different
quantities used to describe the process (see Figure 4). The main area where
this model proved to be more successful than others is in the modeling of the
hysteresis behavior. There have been a number of models [31, 1, 54] developed
before Berg’s Model that had problems reproducing the hysteresis behavior.

Berg employed variables θi to denote the coverage of the surfaces of interest
(target and substrate) with compound molecules (the normalized amount of
reacted surface area). The coverage takes values in the interval of [0, 1], where

http://www.draft.ugent.be/
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a value of 1 denotes a fully covered surface. This model is a monolayer surface
model which only considers a chemisorption mechanism on the target (and
substrate) surfaces. No redeposition can be considered.

The equation that defines the balance between supply and consumption of
the reactive gas is given in Eq. (1), with the definitions of gas consumption on
the surface of the target Qt in Eq. (2), gas consumption on the surface of the
substrate Qc in Eq. (3) and of pumping flow Qp in Eq. (4). The supply and
usage of reactive gas is also presented in Fig. 4. The sticking coefficients are
denoted with α, the flux of reactive gas atoms with F and the corresponding
areas of the studied surfaces with A. S represents the pumping speed while P
represents the partial pressure.

Qtot = Qt +Qc +Qp (1)

Qt = αF(1− θt)At (2)

Qc = αF(1− θc)Ac (3)

Qp = SP (4)

The balance equations describing the interactions on the target and sub-
strate surface are given in Eq. (5) and (6), respectively. The outsputtered
compound Fc and metallic Fm flux is given in Eq. (7) and (8), respectively. Y
denotes the sputtering yield, q is the electron charge and J denotes the ion
current density of the background gas. Equations (1-8) have been presented
in this form in [26].

J

q
Ycθt = α2F(1− θt) (5)

Fc(1− θc) + 2Qc = Fmθc (6)

Fc =
J

q
YcθtAt (7)

Fm =
J

q
Ym(1− θt)At (8)

Due to the reactive gas poisoning of the target, a process that tends to
reduce the sputtering yield, a hysteresis can be observed due to the positive
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Figure 4: The supply and consumption of reactive gas during sputtering [5].

feedback between the partial pressure of the reactive gas and the target surface
coverage (see Fig. 5). Since the publication of the Berg model, several exten-
sions based on equilibrium equations have been developed in order to include
modeling of multiple targets, multiple reactive gases, ion implantation, parti-
cle redeposition, multiple deposited layers, deposition of multiple compounds,
spatial resolution and dynamics of phenomena, etc.

Given that many times the formation of complex films is required, which
in turn require more than one reactive gas, Carlsson et al. further developed
the model to work with two reactive gases as inputs, though only considering
binary compounds as result of the interaction processes [15].

The research group named DRAFT, led by Diederik Depla, made their work
of more than a decade available free of charge as a downloadable package
from their university website http://www.draft.ugent.be/. The package con-
tains their model named RSD2013 and it also comes with a detailed PDF
guide to help the researcher quickly get started. The package also includes
a piece of software called SIMTRA, which aids the simulation of deposition
profiles. This model is an extension of the Berg model, having the most im-

http://www.draft.ugent.be/
http://www.draft.ugent.be/
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Figure 5: The observed hysteresis behavior of the system on a p-q plot [5].

portant extra feature of subsurface implantation of reactive gas ions/atoms
and the compound forming 2nd order reaction mechanism in the subsurface.
A chemisorption mechanism governs the reaction on the surface and redepo-
sition of sputtered material back on the target is taken into account [58].

3 Modeling tasks and challenges

Throughout the following subsections a comparative study analysis is given
under each modeling task.

3.1 Parameter identification approaches

One of the biggest, if not the biggest challenge in modeling reactive magnetron
sputtering is the lack of readily available parameters or tools to obtain those
parameters.

The lack of identified sticking coefficients led Bogaerts et al. [13] to attempt
to identify them by trying to select the ones that would have had resulted in
correct estimation of the process, after the experiment was undertaken. The
chosen experimental setup was one, in which the sticking coefficient played
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a significant role. The ion density at a certain distance from the substrate
was measured and simulated. They performed the simulation for every pos-
sible value of the sticking coefficient and later checked which ones were in
accordance with the measured data. What they found is that two given cir-
cumstances resulted in different parameters, meaning that the model wasn’t
detailed enough and some other effect also had to be considered. Their result,
however, narrowed the plausible range for the sought parameter.

Leroy et al. attempted the parameter identification by analyzing samples of
deposited films and estimating the actual content of a given material in them
[37, 38]. Having this estimate, it was possible to calculate what the missing
parameter should have had been. An extensive guide has been given on how
this should be undertaken. The process requires several specialized equipment
and techniques (XPS - X-ray Photoelectron Spectroscopy, EPMA - Electron-
probe microanalysis) and complex calculations to be able to reach a result.

Strijckmans et al. also undertook this challenge of parameter identification
in [56]. They used their most detailed RSD2013 model, missing only 3 param-
eters (see Fig. 6), and wrote a parallel C++ program to run the model on a
supercomputer, to see which parameter sets would be usable.

The parameter fitting algorithm has two main components: a parameter
set selection component and a parameter set evaluation component. A 2-D
representation of the parameter set selection component can be seen in Fig.
7. Increasing the dimensionality of the parameter space is feasible, though
with increased computational load. Three ordered lists have been employed to
differentiate between unfinished (U), finished (F) and rejected (R) parameter
sets. A parameter set is considered rejected (R) when the result of the model
simulation does not agree with the measured data.

The evaluation component has an acceptation criterion which is determined
by the PQ - pressure-flow relation of the simulation result. The critical flow
values (the limits of the unstable region) are observed at three different current
values and the maximum of the six squared errors is considered.

Before this study there was complete disagreement among researchers, many
of them having measured completely different values for the same parameter.
The results of this attempt further narrowed down the possible range of pa-
rameter sets.

3.2 Modeling the produced compounds

Berg et al. laid down the foundation for macroscopic modeling of magnetron
sputtering with one reactive gas [3, 4, 5]. When the need arose to model binary
or ternary compounds this model has been expanded.
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Figure 6: A scheme visualizing the input parameters of the RSD2013 model
[58]

Carlsson et al. published an article where two reactive gases were used
and binary compounds were modeled [15]. This model neglected ternary com-
pounds for the sake of simplicity. When the growth of a ternary compound
such as of TiOxNy is the requirement, one must find a different model.

Kelemen et al. published a macroscopic model that studies the formation of
ternary compounds on the substrate [33]. The model follows the same approach
as the two mentioned above, allocating 8 regions on the substrate covered with
different active, passive, binary and ternary compounds.

3.3 Modeling different magnetron types

Dual magnetron co-sputtering allows the deposition of alloy material with-
out having to manufacture alloy targets [55, 43, 34]. Multicomponent models
have also been developed and analyzed in [17, 18, 46]. This setup requires two
separate magnetrons to be installed, each of them becoming the anode of the
other during sputtering. Such a setup requires a power supply that can gen-
erate pulsed bipolar signals. Given the fact, that each magnetron is switched
between anode and cathode roles, the typical charge build-up on poisoned
areas is neutralized due to sequential target bombing with ions as well as elec-
trons. The absence of local charge build-up also leads to an arc free operation,
which is mandatory for consistent large area, even layer deposition.
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Figure 7: A 2-D illustration of the parameter selecting component of the
searching algorithm [58].

Cylindrical rotating magnetron sputtering was introduced to reduce the
operational costs of large scale industrial coaters, due to the inherent disad-
vantages of sputtering of stationary planar magnetrons. One of these disad-
vantages is the well-known formation of a so-called ”race track”, a high erosion
zone on the surface of the target, that is caused by the inhomogeneous mag-
netic field that ”shapes” the plasma above the target. By rotating the target
with respect to the magnetic field no high erosion zone is formed. This leads
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to a very efficient process due to the uniform wear the target experiences.
The uniform wear maximizes target usability by avoiding the formation of a
localized deep race track. The effects of rotation have been modeled and the
influences of rotation speed have been studied in [27, 24, 42, 39]. It was ob-
served that the rotation speed highly influences the shape and location of the
hysteresis curve.

3.4 Modeling for control structure synthesis

The study of the system dynamics and the control structure synthesis require
the development of time dependent, dynamic models. Based on macroscopic
models, several authors have developed time dependent models, usually in
state-space formulation [33, 57, 19, 20, 21, 2]. When derived from the original
Berg model, the dynamic model represents a control-affine system of third
order with linear and bilinear terms [62]. Woelfel et al. also presented the
Berg model in a state-space form along with a detailed explanation of its
construction (Eq. (9) and (10)). Coefficients ai,j and bi,j include parameters
like sticking coefficients, sputtering efficiencies, sputtering current density, gas
constant, temperature, etc. The state variables are the partial pressure of the
reactive gas and the coverages of the target and of the substrate, while the
input of the system is the input flow rate of the reactive gas.x1x2

x3

 =

Pθt
θs

 (9)

ẋ1(t) = x1(t)(−a1,1 + a1,2x2(t) + a1,3x3(t)) + bu(t)

ẋ2(t) = a2,12x1(t)(1− x2(t)) − a2,2x2(t)

ẋ3(t) = a3,13x1(t)(1− x3(t)) + a3,23x2(t)(1− x3(t)) − a3,32x3(t)(1− x2(t))
(10)

The magnetron sputtering system is essentially nonlinear, but several stud-
ies attempt to use linearization around the equilibrium points to study the
stability and controllability of the system. Due to the difficulties to apply the
results of control theory, there have been studies and even patents on how to
control a system of such dynamics through heuristic synthesis of complex con-
trol structures. In [59] a control structure was presented in which the chosen
manipulated quantities influence the controlled variable indirectly, through a
chain of effects in the system.
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Woelfel had a different approach by studying the essential input-output
interactions in different operating conditions in order to develop a simplified
model that was conceived with the aim of being practical for control purposes
[62, 63, 64, 67]. Woelfel et al. presented a control design method that is based
on artificial neural networks and ordinary differential equations [66, 65]. The
goal of using neural networks was to decouple the plasma, electrical and gas
subsystems from each other. Two multilayer perceptron type networks have
been used, both employing a hidden layer of 10 neurons with sigmoid activation
functions.

Our previous work also concentrated on control structure synthesis [40].
It started with the assumption that an on-line state identification algorithm
can be developed, and with its use, the stoichiometry of the process can be
controlled. The input-output characteristics have been plotted to observe the
location of the peak of the substrate coverage with the desired compound
(see Fig. 8). By selecting a preferred subsurface by formulating first order
equations to delimit a monotone region (see Fig. 9) it was possible to conceive
a state-dependent state limiting algorithm that can operate the system with
two independent continuously pumped reactive gas inputs. This came as a
proposed alternative for RGPP - Reactive Gas Pulsed Process [16, 41] which
for the sake of stability had to compromise on stoichiometry.

One would be mistaken by thinking that better control of the process
can only be achieved by ever more complicated control structures. Some re-
searchers focused on model reduction, in order to facilitate the implementation
of less complex control algorithms. The work done by Woelfel et al. concen-
trates on developing models that suffice the control goal [67]. It was mentioned
that most results in the field were provided from either a vacuum science or a
thin solid film approach, therefore most models developed were not usable for
control purposes. It was emphasized that not enough work has been done to
identify the input-output behavior of the reactive sputtering process.

They recognized [62] that for control purposes the Berg model can be re-
duced to the Abel differential equation (see Eq. (11)). In Eq. (11) the system
input u(t) is the gas flow and the system output y(t) is the sputtering voltage.

ẏ(t) = Ay3(t) + By2(t) + Cy(t) +D+ Eu(t) (11)

Using this model it was later demonstrated that a venerable PID (propor-
tional–integral–derivative) type controller can be used to control and stabilize
the complex system. Detailed description has been given for the necessary
preconditions that are needed to apply the given tuning rules [64].
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Figure 8: Substrate coverage with θMG1G2
at I = 0.1[A] for different reactive

partial pressure combinations [40].

In [62], the parameter identification of the reduced model in Eq. (11) has
been presented. The identification process begins with the construction of a
matrix using the inputs and outputs of the system (see Eq. (12)). According
to this approach, the parameters are identified from measured samples of the
system input, system output and of the derivative of the system output.
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Figure 9: The contour plot of the substrate coverage and the lines used to
delimit the preferred area [40].
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(12)

Calculating the Moore-Penrose type left pseudoinverse matrix gives the pa-
rameter vector n of the system under examination (see Eq. (13)). The param-
eter vector obtained by Eq. (13) can be used to calculate the parameters of
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the original state-space system (ai,j). Equations (11-13) have been presented
in this form in [67].

n =M+r (13)

4 Conclusion and future challenges

In 2019, Depla et al. published an article on the current opportunities and
challenges in modeling reactive magnetron sputtering [28]. They mentioned
four areas that still need considerable attention:

1. redeposition of sputtered atoms,
2. studying I-V characteristics,
3. sample rotation,
4. pulsing discharge currents.

In our opinion, in future research on this topic emphasis should and probably
will be placed on the following key points:

1. delimitation of ranges for some parameters in macroscopic models with
the aid of the results obtained from detailed kinematic modeling,

2. precise identification of parameters with the help of the macroscopic
dynamic models using measureable data such as partial pressures, gas
flows, substrate temperatures, spectrum intensities, voltages and current
values,

3. the use of online parameter identification algorithms to identify real-time
substrate coverage and composition, mainly for control purposes,

4. development of macroscopic models that, from the perspective of process
control, adequately integrate the models used to describe phenomena
on the surfaces of both target and substrate as well as models used to
describe the state of the plasma discharge.
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[16] J.-M. Chappé, N. Martin, J. Lintymer, F. Sthal, G. Terwagne, J. Takadoum.
Titanium oxynitride thin films sputter deposited by the reactive gas pulsing
process. Applied Surface Science, 253, 12 (2007) 5312–5316. ⇒128

[17] D.-J. Christie, W.-D. Sproul, D. Carter. Mid-frequency dual magnetron reactive
co-sputtering for deposition of customized index optical films. In Society of
Vacuum Coaters 46 th Annual Technical Conference, 2003 pp. 393–398. ⇒125

[18] D.-J. Christie. Power conversion and control for pulsed magnetron reactive sput-
tering. PhD thesis, Colorado State University, 2004. ⇒125

[19] D.-J. Christie. Making magnetron sputtering work: Modelling reactive sputtering
dynamics, part 1. SVC Bulletin, 2014. pp. 24–27. ⇒127

[20] D.-J. Christie. Making magnetron sputtering work: Modelling reactive sputtering
dynamics, part 2. SVC Bulletin, 2015, pp. 30–33. ⇒127

[21] D.-J. Christie. Making magnetron sputtering work: Modelling reactive sputtering
dynamics, part 3. SVC Bulletin, 2015, pp. 38–41. ⇒127

[22] C. Costin, L. Marques, G. Popa, G. Gousset. Two-dimensional fluid approach
to the dc magnetron discharge. Plasma Sources Science and Technology, 14, 1
(2005) 168. ⇒116

[23] N.-F. Cramer. Analysis of a one-dimensional, steady-state magnetron discharge.
Journal of Physics D: Applied Physics, 30, 18 (1997) 2573. ⇒116

[24] D. Depla, J. Haemers, G. Buyle, R. De Gryse. Hysteresis behavior during reactive
magnetron sputtering of Al2O3 using a rotating cylindrical magnetron. Journal
of Vacuum Science & Technology A: Vacuum, Surfaces, and Films, 24, 4 (2006)
934–938. ⇒127

[25] D. Depla, S. Heirwegh, S. Mahieu, R. De Gryse. Towards a more complete model
for reactive magnetron sputtering. Journal of Physics D: Applied Physics, 40, 7
(2007) 1957. ⇒117

[26] D. Depla, S. Mahieu, et al. Reactive Sputter Deposition, volume 109. Springer,
2008. ⇒116, 117, 121

[27] D. Depla, X.-Y. Li, S. Mahieu, K.-V. Aeken, W.-P. Leroy, J. Haemers,
R. De Gryse, A. Bogaerts. Rotating cylindrical magnetron sputtering: Simula-
tion of the reactive process. Journal of Applied Physics, 107, 11 (2010) 113307.⇒117, 127

[28] D. Depla, K. Strijckmans, A. Dulmaa, F. Cougnon, R. Dedoncker, R. Schelfhout,
I. Schramm, F. Moens, R. De Gryse. Modeling reactive magnetron sputtering:
Opportunities and challenges. Thin Solid Films, 2019. ⇒131

http://www.academia.edu/download/48060669/Titanium_oxynitride_thin_films_sputter_d20160815-31428-oy62yv.pdf
http://www.academia.edu/download/48060669/Titanium_oxynitride_thin_films_sputter_d20160815-31428-oy62yv.pdf
https://www.researchgate.net/publication/286819824_Mid-Frequency_Dual_Magnetron_Reactive_Co-Sputtering_for_Deposition_of_Customized_Index_Optical_Films
https://www.researchgate.net/publication/286819824_Mid-Frequency_Dual_Magnetron_Reactive_Co-Sputtering_for_Deposition_of_Customized_Index_Optical_Films
mailto:dave.christie@aei.com
https://www.svc.org/DigitalLibrary/documents/2014_Fall_DC.pdf
https://www.svc.org/DigitalLibrary/documents/2014_Fall_DC.pdf
https://www.svc.org/DigitalLibrary/documents/2015_Spring_DC.pdf
https://www.svc.org/DigitalLibrary/documents/2015_Spring_DC.pdf
https://www.svc.org/DigitalLibrary/documents/2015_Summer_DJC.pdf
https://www.svc.org/DigitalLibrary/documents/2015_Summer_DJC.pdf
http://www.academia.edu/download/42591628/Two-dimensional_fluid_approach_to_the_dc20160211-2774-ws9d5y.pdf
http://www.academia.edu/download/42591628/Two-dimensional_fluid_approach_to_the_dc20160211-2774-ws9d5y.pdf
https://iopscience.iop.org/article/10.1088/0022-3727/30/18/012/meta
https://avs.scitation.org/doi/full/10.1116/1.2198870
https://avs.scitation.org/doi/full/10.1116/1.2198870
https://biblio.ugent.be/publication/367797
https://biblio.ugent.be/publication/367797
https://www.springer.com/gp/book/9783540766629
https://www.researchgate.net/profile/Wouter_Leroy2/publication/230555862_Rotating_cylindrical_magnetron_sputtering_Simulation_of_the_reactive_process/links/0fcfd50cee01f9034b000000/Rotating-cylindrical-magnetron-sputtering-Simulation-of-the-reactive-process.pdf
https://www.researchgate.net/profile/Wouter_Leroy2/publication/230555862_Rotating_cylindrical_magnetron_sputtering_Simulation_of_the_reactive_process/links/0fcfd50cee01f9034b000000/Rotating-cylindrical-magnetron-sputtering-Simulation-of-the-reactive-process.pdf
https://biblio.ugent.be/publication/8622040/file/8622043.pdf
https://biblio.ugent.be/publication/8622040/file/8622043.pdf


134 R. Madarász, A. Kelemen, P. Kádár

[29] J. Goree, T.-E. Sheridan. Magnetic field dependence of sputtering magnetron
efficiency. Applied physics letters, 59, 9 (1991) 1052–1054. ⇒116

[30] T. Hammerschmidt, A. Kersch, P. Vogl. Embedded atom simulations of titanium
systems with grain boundaries. Physical Review B, 71, 20 (2005) 205409. ⇒
118

[31] J. Heller. Reactive sputtering of metals in oxidizing atmospheres. Thin Solid
Films, 17, 2 (1973) 163–176. ⇒120

[32] M.-A. Karolewski. Kalypso: a software package for molecular dynamics sim-
ulation of atomic collisions at surfaces. Nuclear Instruments and Methods in
Physics Research Section B: Beam Interactions with Materials and Atoms, 230,
1-4 (2005) 402–405. ⇒117
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oxide, nitride and oxynitride thin films by the reactive gas pulsing technique.
Surface and Coatings Technology, 142 (2001) 615–620. ⇒128

https://pdfs.semanticscholar.org/5d5b/652d495c19a198a6312613c8c06f7bfaed7c.pdf
https://pdfs.semanticscholar.org/5d5b/652d495c19a198a6312613c8c06f7bfaed7c.pdf
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.71.205409
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.71.205409
https://www.sciencedirect.com/science/article/pii/0040609073901259
https://www.sciencedirect.com/science/article/abs/pii/S0168583X04013588
https://www.sciencedirect.com/science/article/abs/pii/S0168583X04013588
https://content.sciendo.com/downloadpdf/journals/auseme/8/1/article-p62.pdf
https://content.sciendo.com/downloadpdf/journals/auseme/8/1/article-p62.pdf
https://www.jstage.jst.go.jp/article/jjspm1947/44/7/44_7_674/_pdf
https://www.jstage.jst.go.jp/article/jjspm1947/44/7/44_7_674/_pdf
https://pdfs.semanticscholar.org/0cc7/d6fc5df3e3a8095119697673c4326994f249.pdf
https://pdfs.semanticscholar.org/0cc7/d6fc5df3e3a8095119697673c4326994f249.pdf
https://www.researchgate.net/publication/248317419_Dynamic_behaviour_of_the_reactive_sputtering_process
https://www.researchgate.net/publication/248317419_Dynamic_behaviour_of_the_reactive_sputtering_process
https://onlinelibrary.wiley.com/doi/pdf/10.1002/ppap.200932401
https://onlinelibrary.wiley.com/doi/pdf/10.1002/ppap.200932401
https://onlinelibrary.wiley.com/doi/pdf/10.1002/ppap.200932401
https://biblio.ugent.be/publication/1106146
https://biblio.ugent.be/publication/1106146
https://biblio.ugent.be/publication/1106146
https://avs.scitation.org/doi/full/10.1116/1.3271136
https://avs.scitation.org/doi/full/10.1116/1.3271136
https://ieeexplore.ieee.org/abstract/document/9105135/
https://ieeexplore.ieee.org/abstract/document/9105135/
http://www.academia.edu/download/47123044/s0257-8972_2801_2901149-520160709-23630-esj20l.pdf
http://www.academia.edu/download/47123044/s0257-8972_2801_2901149-520160709-23630-esj20l.pdf


Survey: Computer modeling of reactive magnetron sputtering 135

[42] H.-E. McKelvey. Rotatable sputtering apparatus, May 1 1984. US Patent
4,445,997. ⇒127

[43] C. Misiano and E. Simonetti. 4.4 co-sputtered optical films. Vacuum, 27, 4
(1977) 403–406. ⇒125
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