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Abstract. High Power Impulse Magnetron Sputtering or HiPIMS is a relatively recent
sputtering technology used for the physical vapor deposition of thin film coatings based
upon magnetron sputtering with a high voltage&current pulsed power source. Interest in
the method of high-power impulse sputtering has grown steadily. Therefore, the task of
first priority is to study the results of work already available in the scientific world in
the field of high-power magnetron sputtering to determine the level of knowledge of
this direction, as well as to identify the main trends in the development of new coating
methods.This literature review outlines the state of the art in HiPIMS, as well as the
foundations for more detail research of physical processes of high-power sputtering.
The motivation for this review is to provide a brief summary of the HiPIMS technology,
its history, its underlying physical mechanisms and diagnostic.

Current state of the problem

Over the past 40 years, the magnetron sputtering method has been subject of many modifications: (i) high-
frequency power sources are used to sputter dielectric materials, (ii) pulsed power sources are used instead of
direct current, (iii) electromagnetic systems are proposed instead of permanent magnets, (iv) spiral-shaped
magnets are suggested to increase the rate of the target operation, (v) the ability to control the temperature of the
sputtered target is added, etc.

In the early 2000s, scientific publications on the so-called high-power pulse sputtering (HiPIMS — High
Power Impulse Magnetron Sputtering) began to appear in the scientific world. High power impulse magnetron
sputtering introduced by Kouznetsov et al. in 1999 [1] is a promising technique for improving magnetron
sputtering used in many industrial processes for thin film deposition [2].

In the course of time, interest in the HIPIMS method has grown steadily. Recently, this tendency is easy to
see by the number of scientific papers related to this problem.

Figure la shows a histogram characterizing the increase in the number of publications over the past seven
years; the geographical range of these researches is wide enough [3]. At the forefront, there are such countries as
Germany, Great Britain, Sweden, USA, China, France, Czech Republic, Japan. Figure 1b illustrates the ratio of
participation of different states in high-power magnetron sputtering. It is worth noting that in
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Figure.l. (a) Publications on High Power Impulse Magnetron Sputtering over the past seven years,
(b) worldwide number of publications on HiPIMS (others — countries with the number of publications < 50).

number of publications

66



KAPRAN ET AL.: HIGH POWER IMPULSE MAGNETRON SPUTTERING

a number of European countries (Great Britain, Germany, France) the national research societies and institutes
have been created, whose goal is to form a theoretical and practical basis for developing tools for introducing
universal and a qualitatively new method of coating for mass use. These societies unite various technological
universities, research centers and industrial enterprises. High interest in the application of high-power impulse
sputtering appears in the commercial sector. At international conferences and symposia on vacuum and plasma
technology, a huge cluster is dedicated to HiPIMS.

HiPIMS parameters

High power impulse magnetron sputtering (HiPIMS) is a plasma-based thin film deposition technique in
which extremely high power pulses are applied to a conventional magnetron sputtering system. The high-density
discharge plasma is created by applying a high power pulse (1-2.4 MW) with pulse length 100 ps and repetition
frequency of 50 Hz [4].

Table 1. Basic working parameters for HiPIMS. From [4].

HiPIMS parameter Value
Working pressure 10™* — 1072 Torr
Cathode Current Density Jmax < 10 A/cm?
Discharge Voltage 0.5—-15kV
Plasma Density <103¢cm™3
Cathode Power Density 1—3 kW /cm?
Ionization Fraction 30-90 %

The HiPIMS discharge exists in the same pressure regime as the DC magnetron sputtering (DCMS) and the
existing magnetic field assemblies which are used for DCMS can provide stable ignition and operation of
HiPIMS discharge [5]. Therefore, by just changing the power supply in otherwise the same sputtering system the
characteristics of the plasma can be changed and therefore the properties of the films as well.

The high-power pulses on the target in HiPIMS result in plasma electron densities up to 10" m* which is
three orders of magnitude higher compared to DCMS [6]. These high plasma densities promote ionization of the
sputtered material forming an ionized sputtered material flux, where the ionization fraction can reach 90 % [7].
The ion flux is subject to electric and magnetic force so its direction and energy can be controlled. Being
precisely controlled the target material ion flux can be used to perform substrate pre-treatment as well as to
enhance film and device properties. Examples of enhancements are increased film density as well as significant
improvements in film adhesion are presented in [8,9].

The high power pulsed discharge operates with a cathode voltage in the range of 500-2000 V which gives
current densities of 3—4 A-cm ~ and power densities in the range of 1-3 kW-cm > [10,11]. Figure 2 shows typical
voltage and current waveforms obtained for a HIPIMS discharge operated at different pressures [12].

The effect of discharge gas pressure on the shape of the target cathode voltage V/; and discharge current I,
are shown in Figures 2a and 2b, respectively. At low pressure (0.5 mTorr) the initial 40 ps of the discharge is
characteristic of high voltage and very low target current like a conventional dc sputtering discharge. With
increasing discharge pressure this ignition phase is shortened. These effects on the HiPIMS process are still
largely unexplored.
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Figure 2. The (a) target voltage V4 and (b) discharge current Iy versus time from initiation of the pulse. The
target was of Ta and the Ar pressure was 0.5 mTorr (solid line), 2 mTorr (dashed line), and 20 mTorr (dotted
line). From [12].
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Figure 3. A typical integrated signal from the Rogowski coil. From [14].

To measure local current flow patterns inside a plasma a probe can be inserted. A Rogowski coil in close
proximity to a voltage source with a large dV/dt may pick up voltage signal instead of the change in current [ 13].
Now the Rogowski coil is a probe, which is commonly used when measuring a change in the magnetic field
strength, which is directly proportional to the change in time of current flowing through the probe [14]. The
main concerns regarding inserting a Rogowski coil inside the plasma chamber is that it might affect the plasma
or that the probe is damaged by, e.g., the heat flux [15].

The typical integrated signal from the Rogowski coil is presented in Figure 3 has been measured at a
distance from the target of 7.5 cm on z-axis and 3.5 cm on r from the target center. As it is seen in the figure
discharges of the HIPIMS type typically show sharp peaking of discharge parameters for relatively short times (=
100 ps) [14].

The major disadvantage of the HiPIMS technique is the typically lower deposition rate as compared to
DCMS for the same average power [16,17,18,19]. The corresponding deposition rate -efficiencies
(Amin"'/Wem?) range typically from 15-40 % of those for DCMS [20]. The main reason for this loss is known,
but overall not fully understood. Several suggested contributing factors are given in the literature. The largest
loss is believed to be due to sputtered atoms ionised close to the target being attracted back to the cathode [21].
These back-attracted ions may partake in the sputtering process, however at a penalty, since the self-sputtering
yield (sputtering yield of a target material when bombarded by ions from the same element) is typically lower
than the Ar-sputtering yield [22]. The ion back-attraction concept is elaborated upon, and a possible route for
mitigating the effect of this mechanism is described by Brenning et al. [23].

The use of HIPIMS method

Here we discuss some aspects for technical implementation of the HiPIMS discharge and applications in
thin film growth. Despite the fact that the high-power sputtering method is known for a relatively short time, it is
already actively used in industry as a new technology for applying high-quality conducting and dielectric
coatings. The unique features of a high-power discharge suit for a wide range of applications.

The HiPIMS discharge generates a highly ionized plasma with large quantities of energetic metal ions [24]
due to very high pulse power densities with, in some cases, a direct flux of charged species [25]. The high degree
of ionization of the sputtered species has several advantages for thin film growth. The first one is a huge fraction
of ionized atoms in a flow (more than 60 %) [26,27,28,29] that is useful for preliminary preparing the surface
of the substrate for further deposition of various coatings. Compared to conventional DC magnetron sputtering
systems the HiPIMS represents a method how to increase ionization degree of sputtered particles and ion flux
towards the substrate [30].

The method of high-power pulsed sputtering can also become a new instrument for high-speed deposition
of films, especially if the objects of coating are precision instruments and/or devices of modern electronics. The
most common is the application of conductive [25,27,28,31,32,33,34,35,36,37] films (Cu, Al, Ti, Ta, Ni, etc).

Metal coatings are deposited in an inert gas discharge, most often in argon. In the study of the
characteristics of the high-power discharge in the metal mode, also other working gases are used such as krypton
[38,39], xenon, neon, helium [40], etc. Their application is justified only from the point of view of the
fundamental study of the process. In industry, however, they are not used either because of the high cost or low
sputtering ratio. Also, the method of sputtering a target made of alloy [41,42], or the use of a double magnetron
[41] in an argon medium is used for the deposition of a film with a wide range of metal components.

Moreover, HiPIMS method is widely used to form elements of integrated circuits [43,44]. The paper [43]
shows the possibility of applying this method for use in microelectronic technology of logical integrated circuits
creation (including processor devices). Here the authors note the numerous advantages of the method over
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alternative technologies. Used substances (metals and gases) are environmentally safe components, chemical
reactions occur without the release of harmful substances. The process of substance flow formation includes
such mechanisms as physical dispersion and evaporation, which are characterized by high controllability and
determinism of the entire deposition process as a whole. Therefore, for the electronics industry, this method has
good prospects in the field of creating high-quality interconnects.

In [45], the researchers note the advantages of using the method of high-power impulse sputtering to
develop active high-quality antibacterial coatings based on a two-layer Cu/TiO, structure. The authors mark that
the thickness of the structures (less — better) strongly affects the rate of harmful effects on such pathogens as
E. coli and Staphylococcus aureus. The HiPIMS film with a thickness of 38 nm required = 10 min to inactivate
bacteria compared with a thickness layer of 600 nm when applying DC/DCP sputtering. That may allow the
widespread use of thin films to prevent the spread of viruses and bacteria in public places. In addition, these
coatings can be a tool for effective control of pathogens of dangerous diseases in schools, hospitals and other
crowded places.

High-power sputtering is well suited for fast optical coatings, which primarily include anti-reflective and
anti-static films, optical filters, various protective structures and translucent mirrors. Typically, these devices are
based on physical effects occurring in dielectric and semiconductor films based on transition metal oxides. These
materials are synthesized in a reactive mode: the metal target is sputtered with inert gas ions (in most cases it is
argon) in an oxygen atmosphere. Following films are used for optical coating: TiO, [46,47,48,49,50,51], SnO,
and ZnO [52], ALLO; [53], Nb,Os and SiO, [54], ZrO,, MgO and Y,0; [55].

One of the largest applications of the high-power sputtering method is the wear-resistant and anti-corrosion
coatings for various uses. In recent decades, machine-building and machine tool industries have been actively
using plasma nitriding, as well as deposition of films with low friction coefficients by arc to improve the
parameters of the surface layer of various mechanisms. HiPIMS method becomes the latest technology for the
manufacture of high-quality functional coatings operating at high temperatures, with even lower friction
coefficients and greater corrosion resistance, as well as the level of adhesion comparable to the arc method of
film synthesis. Yet another positive point is obvious: the complete absence of the droplet phase in the flow of
matter, which has a positive effect on the quality of film structures.

In addition to the industrial application of high-power impulse magnetron sputtering, theoretical research is
being undertaken to further study the discharge and to simulate the sputtering process. The creation of physical
models enables to predict the results of experiments. Computer models thus provide many opportunities for
improvement of the HiIPIMS method in mass production. As an example the paper can be quoted [17], where
a simulation of the transport-of-ions-in-matter showed that the apparently low deposition rate can be understood
based on the non-linear energy dependence of the sputtering yields.

HiPIMS diagnostics using the probe techniques

The relevant plasma diagnostics is needed in reactive HiPIMS plasma systems applied directly during the
deposition process. This is important for the research of physical processes during the deposition and for reliable
repeatability of deposition conditions. Several fast time-resolved probe systems were already used for this
purpose as presented in [56,57,58] for example. These methods employ a time-resolved Langmuir probe
characteristics measurement. The probe current and voltage sampling is done synchronously with the HiPIMS
pulses over many pulsing periods in the defined time of pulsing period (boxcar method). In general, these
methods can be used for time-resolved data acquisition but in HiPIMS applications, the measurement of one
characteristics takes relatively long time due to the low pulsing frequency (= 100 Hz). During the longtime of
measurement, an insulating layer can deposit on the probe surface rending the probe data unusable. To get
around this problem several methods — so called AC floating probes — were already presented in [59] where an
AC signal was involved in the measurement together with the harmonic analysis of measured probe current.

Although the AC probe diagnostic systems work quite reliably, they have their limitations that restrict their
use in the field of material science or industry. Consequently, for our future work we prepare a fast-swept
Langmuir probe to be applied during the deposition of insulating thin films by HiPIMS. This method is based on
a subtraction of capacitive current flowing through the parasitic capacitances in the probe circuit and the capacity
of the space charge sheath formed around the surface of the probe during the application of the fast-swept bias
voltage. An assessment of this capacitive probe current will be performed numerically from the current and
voltage waveforms recorded by employing the probe circuit within a specially designed plasma impedance
monitor. After eliminating the disturbing capacitive current, the part of probe characteristics in the region of
saturation ion current and around the floating potential will be obtained by this method. From this data, the part
of the probe characteristic close to the floating potential is used for calculation of the electron temperature and
the ion density is obtained from the ion saturation current part. The sweep frequency of the probe voltage will be
in the range 200-350 kHz. Due to the fast sweep frequency, we expect this method to be rather insensitive on the
coating of probe surface by a dielectric layer.
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Conclusion

This paper provides a review of the HiPIMS technology. We revealed the current state of HiPIMS research,
discussed the characteristics of the HiPIMS discharge, its diagnostic and possible applications. The advantages
of HiPIMS were demonstrated compared with dc sputtering for fast optical, wear-resistant and anti-corrosion
coatings. Nowadays the benefits from using the high power magnetron sputtering are well investigated to
develop active high quality of antibacterial coatings. Moreover HiPIMS allows to obtain thin films with higher
adhesion capacity and strength characteristics, which are important for use on flexible structures.

Previous investigations have provided important insights into understanding the physics of HIiPIMS plasma.
We expect that by the indicated new diagnostic method applied in the field of material science we contribute to
further understanding and development of this technique.
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