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Abstract 

In this thesis, the recent development step of magnetron sputtering, termed high power 

impulse magnetron sputtering (HiPIMS) has been studied. Compared to conventional 

magnetron sputtering HiPIMS provides a higher plasma density which can ionise the 

sputtered material. The beneficial influence of the coating properties due to this ionisation 

has been extensively shown in academic publications. Here, industrial conditions, i.e. no 

substrate heating and high vacuum conditions have been used during the studies, of which 

one was performed in an industrial deposition system. 

For eight metallic targets, films were deposited with HiPIMS and conventional sputtering. 

The films were evaluated by Rutherford back scattering analysis, scanning electron 

microscopy, and profilometry. It was found that the density of the HiPIMS grown films 

exhibited a statistically significant higher density of approximately 5-15% in comparison 

to films deposited using DCMS under identical conditions. A global plasma model was 

employed to evaluate the degree of ionisation for some of the target materials, and 

process conditions used in the study. Conformity between density increase and degree of 

ionisation as assessed by the plasma model was confirmed. 

The influence of using HiPIMS during reactive sputtering of TiC was also studied. A 

metallic Ti target was sputtered in a gas mixture of Ar and C2H2. The coatings were 

evaluated by X-ray photoelectron spectroscopy, X-ray diffraction, scanning electron 

microscopy, 4 point probe resistivity measurements, and nanoindentation. The coatings 

were found to be nanocomposite TiC/a-C:H. For the HiPIMS process the transition zone 

between metallic and compound target states was found to be significantly expanded over 

a wide reactive gas flow range. The implications of choice of deposition method for 

coating composition, chemical structure, as well as electrical and mechanical properties 

were evaluated for DCMS and HiPIMS. The process behaviour was suggested to be due 

to the pulsed nature of the HiPIMS, the high plasma density, and ion content of the 

particles reaching the substrate. 
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1. Introduction 

1.1 Thin films  

Thin films are layers with thicknesses ranging from a few atomic layers to several 

micrometers. By coating objects, properties can be enhanced, or added to the combined 

system. Areas where we for instance find thin films today include protection against wear 

and/or corrosion, for improved electrical properties, cost reduction, and cosmetic, to name 

a few. The modern man is literally surrounded by thin film coatings!  

Since the mid-eighteen hundreds, phenomenon known as sputtering has been used for 

coatings [1]. About 100 years later, the invention of the magnetron [2] allowed for 

depositing coatings at a higher rate and with significantly improved quality. Magnetron 

sputtering is today being used for example in microelectronics, coating of the reflective 

layer in a CD, protective coatings on automotive parts, and window glass.  

The constant development of coating technology is driven by increasing commercial 

demands on existing coatings as well as a wish to replace traditional techniques with 

novel methods offering improved coatings as well as lower environmental impact. The 

development also opens up new areas for applications where the new techniques may be 

used. 

1.2 Background 

There are ever increasing demands on performance, product quality, and development of 

new materials. The ability to coat objects with a thin film offers unique possibilities for 

combining the properties of the underlying material and the film. This can lead to cost 

reduction, improvement of existing products, as well as new material with properties 

unattainable in bulk form. Naturally there is a driving force to perform such coatings with 

increasing cost efficiency. One of the methods for depositing films, known as magnetron 

sputtering, is widely used much owing to its efficiency and scalability. The deposition 

methods used in this work are based on magnetron sputtering. In magnetron sputtering the 

material of the deposition source is vaporised and the material condensate, atom by atom, 

to form a film on the object to be coated. Recently, a technological innovation, known 

today as high power impulse magnetron sputtering (HiPIMS) allows turning a 

conventional magnetron sputtering source into an ion sputtering one. Using ions instead 

of atoms for deposition allow for controlling the energy and direction of the deposition 

flux. As will be shown, this advance offers the possibility for further improvement of 
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existing magnetron sputtering processes, as well as accessing exciting new, unexplored 

grounds. 

1.3 Goal and objectives 

The goal of this work is to contribute towards industrialisation of the recently developed 

HiPIMS technique. This is realised by following two tracks. Firstly, the potential for 

HiPIMS regarding coatings is investigated. This includes investigating any opportunities 

for improving existing, exploring novel coatings, as well as addressing application areas 

usually inaccessible using conventional magnetron sputtering. Secondly, it aims to 

explore the feasibility of implementing the HiPIMS technique in industrial deposition 

systems for small batches and high throughput. The conditions for this type of coating 

system differ widely from the batch loaded systems usually employed in industrial studies 

of HiPIMS. This poses challenges, as well as it offers unique opportunities to exploit. 

Both parts of the objective allow for fundamental- and more applied research alike. 

1.4 Outline 

Prior to the appended papers, an introduction, starting with a chapter on thin film 

processes is found. Following this is a section on industrial considerations, where 

important differences between research works performed in academia and industry, and 

its implications for the present work are outlined. Following this part are chapters 

discussing materials systems and the characterisation methods used in the appended 

papers. The introduction is closed by a summary of the results of the papers, and a short 

section on future outlook.  
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2. Thin film processes 

Thin films grown by modern deposition techniques have been present in our daily life for 

nearly half a century. Today, we find products with films deposited by a method known 

as magnetron sputtering in areas such as smart windows, photovoltaic applications, 

decorative purposes, protective coatings, and microelectronics, to name a few [3, p. 2]. 

With ever increasing demands on the coatings, the technological development must 

advance accordingly. 

The deposition methods used in this work are direct current magnetron sputtering 

(DCMS) and the recently developed high power impulse magnetron sputtering (HiPIMS). 

These two techniques are closely related and both are physical vapour deposition (PVD) 

methods. In PVD, the source material is vaporized by physical means, and for the 

methods used in this thesis, by ion-bombardment, utilizing a plasma the ion-source. The 

vapour is then allowed to condense on the object to be coated to form a thin film. The 

following sections give a short introduction to the deposition environment, the process 

plasma and its properties, sputtering techniques used in this thesis, and finally a section 

on growth of thin films. The intention with this chapter is that each section should allow 

to be read individually and, if desired, in arbitrary order.  

2.1 Vacuum levels 

The processes described in this thesis are performed under vacuum conditions in 

dedicated evacuated chambers. Vacuum (lat. vakua, empty space) is however not as 

empty as the name suggests; at high vacuum conditions where most industrial processes 

are performed, the pressure ranges from ~0.7 Pa to ~70 µPa (~5 mTorr to ~0.5 µTorr) [4]. 

The particle density is here around 10
14

-10
10

 cm
-3

, and the time for these remaining 

contaminants to adsorb to form a single layer on a surface in the vacuum chamber (the 

monolayer formation time) is typically in the order of seconds. For high vacuum 

chambers much of the residual particles are water molecules, which due to their reactivity 

may influence the processes, and may have implications for the resulting films. At ultra 

high vacuum (UHV) conditions, with pressures <0.5 µTorr, the particle density and 

monolayer formation time is typically <10
10

 cm
-3

 and >10 s, respectively. Under UHV 

conditions the residual particles are mainly He and H, which interfere less with the 

processes. Growing films under high vacuum conditions, as has been done in this thesis, 

can lead to undesired levels of impurities in the coatings. This disadvantage can however 

be reduced by increasing the deposition rate, and thereby reducing the relative flow of 
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contaminants during film growth. One can also locally heat the substrate to increase 

contaminant (H2O) desorption to diminish the contamination incorporation somewhat. 

Increased deposition rate, however, has implications for the film structure, as discussed in 

section 2.6, and heating may cause contaminants on the chamber walls to desorb. 

2.2 Plasma physics 

A plasma can be defined as an ionised gas, containing freely moving ions and electrons as 

well as neutral particles. The number of positively and negatively charged particles are on 

average equal, thus the plasma is on average neutral [5]. The electrons are more mobile 

than the ions due to their lower mass. If electrons are allowed to gain sufficient energy, 

they can ionise neutral particles through inelastic collisions
*
, thereby producing more free 

electrons and ions, thus ultimately sustaining the plasma. This energy can be provided by 

accelerating the electrons by e.g. applying an external electric field. The average distance 

travelled between collisions, the mean free path, and the probability of ionising a neutral, 

the ionisation cross section, both depend on the plasma particle energies and densities [6]. 

The motion of charged particles in the plasma in the presence of electric and magnetic 

fields is important for magnetron sputtering deposition techniques (discussed in 

section 2.3). Charged particles in the plasma are affected by electric and magnetic fields 

according to the Lorentz force law [5, p. 27]: 

F = q(E + v×B) 

Considering a solitary particle, if the electric and magnetic fields are parallel, and the 

initial particle velocity is non-parallel to the fields, the particle will perform a gyrating 

motion encircling a magnetic field line while being accelerated parallel to the electric 

field, as depicted for the case of an electron in Figure 1 (a). The radius of the gyration will 

be ~1 mm for electrons and much larger for the heavier ions, even up to the chamber 

dimension [3, p. 46]. Electrons will thus be confined by the magnetic field, whereas the 

ions are said to be weakly confined. However, in order to avoid a charge build up from a 

surplus of electrons in some region, the ions will follow the electrons in what is called 

ambipolar diffusion [5, p. 135]. Ions can thus be indirectly steered, a fact that is widely 

employed in magnetron design (see section 2.3) to assist film growth (section 2.6). Upon 

movement in perpendicular electric and magnetic fields, charged particles will in addition 

perform a gyrating drift, known as E×B drift. Across a cathode surface, the drift velocity 

will be in a direction perpendicular to both the electric and magnetic fields, as shown in 

Figure 1(b) [3, p. 47]. As will become clear in the following sections, the particle 

movements described are of high importance for the deposition processes and the film 

growth presented in this thesis.  

                                                 
*
 In plasmas of significance to this thesis three main ionisation mechanisms are relevant; 

electron impact, penning ionisation, where an excited atom collides with a neutral atom 

which is ionised, and through charge exchange. 
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Figure 1. Electron movement and gyration in the presence of electric and 

magnetic fields, for the cases of (a) parallel and (b) perpendicular 

fields. Note that the initial electron velocity in (a) is non-parallel to the 

fields. (Adapted from Ohring [4].) 

 

2.2.1 Plasma interaction with adjacent surfaces 

Since a plasma will interact with all adjacent objects, including the chamber walls, the 

impact on the surfaces from the plasma must be regarded. Due to the higher mobility of 

electrons, all surfaces will experience a higher flux of electrons than ions. Objects in 

contact with the plasma will therefore adopt an electric potential lower than the plasma. 

Assuming that the vessel containing the plasma is at ground potential, the bulk plasma 

potential will be positive, approximately a few V [7]. An electrically insulated (floating) 

object will be charged to repel electrons until the fluxes of electrons and ions are 

matched. Such an object is said to be at the floating potential. Each surface in contact 

with the plasma will be surrounded by a volume depleted of charged particles, known as 

the plasma sheath [5, p. 11]. The sheath dimensions depend on the current through the 

sheath (e.g. from an applied potential to an object) towards the surface, plasma density, 

and electron energy. Since the electric field in the sheath region is directed from the 

surface towards the plasma, the electrons will be somewhat encased in the bulk plasma 

volume, thus preventing the plasma from being depleted of electrons. The different 

potentials present in a typical sputtering process are depicted in Figure 2. 
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Figure 2. The potentials present under typical sputtering conditions. Each 

surface in contact with the plasma is surrounded by a sheath with 

reduced number of charged particles. In practice, the bulk plasma 

makes out the majority of the plasma. (Adapted from Martin [3].) 

The outcome of the surfaces being bombarded by particles from the plasma depends on 

the energy of the particles. In the case of charged particles (here we consider mainly ions) 

the energy can be modified by applying a potential to the surface in question [4, chapter 

4]. At energies up to 10
-2

 eV the particles may condense and bind to the surface. At 

slightly higher energies, the particles greatly contribute to modify the properties of the 

growing film through increased mobility and heating, and may also cause chemical 

reactions. Both these effects are important in film growth, and are treated in section 2.6. 

At energies around 10–10
3
 eV the particle bombardment may result in ejection of the 

bombarded material, known as sputtering. This effect has been employed in this thesis to 

vaporize the material used to grow films. The number of sputtered particles per incoming 

ion, or, the sputtering yield, varies from 0.5 to 5 depending on target material type, as 

well as energy and mass of the bombarding ions [4, p. 176,3, p. 257]. Along with the 

ejection of atoms, secondary electrons are generated and injected into the plasma [5, 

p. 300]. Increasing the particle energy even more, to >10
3
 eV, implantation of particles in 

the bombarded material occur. The above description is in no way covering all possible 

plasma-surface interactions, but covers the major effects to consider for this work. 

2.2.2 Global plasma modelling 

Due to the inherent practical difficulties of measuring dynamic plasma properties, plasma 

modelling is often used. In Paper 1, a new, time-dependent global plasma model was 

used to estimate the ionisation fraction of sputtered species for different target materials 

in a HiPIMS discharge. The model is based on previous work by Ashida et al., Hopwood, 

and Gudmundsson [6 p. 181-207,8,9]. Like the previous models, the present one solves a 

set of coupled differential equations for creation and loss of species during a HiPIMS 
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discharge pulse. Relevant to this work was obtaining the densities of neutral and (singly) 

ionised Ar gas and metal atoms, as well as that of electrons. In the present model, a 

limited region of interest was chosen to emulate the volume above a magnetron sputtering 

cathode where the most intense plasma is located. This region is expected to be 

predominant for ionisation, which is consistent with experimental plasma density 

measurements in HiPIMS discharges [ 10 ]. The model also uses an experimentally 

determined time-dependent power pulse shape fed to the simulated region. For this power 

input, space averaged values for generation and loss of the different species were 

calculated, and from these results the ionisation degrees of the gas and metal species 

present were determined. 

2.3 Direct Current Magnetron Sputtering (DCMS) 

Magnetron sputtering is a widely employed thin film deposition technique. It owes much 

of its success to the fact that the deposition sources are easily scaled up to industrially 

relevant sizes and can be mounted in any orientation without a negative impact on their 

functionality [ 11 , p. 167]. From a historical perspective, magnetron sputtering also 

permits operating at considerably lower process pressures than its predecessors (e.g. 

diode sputtering), thereby allowing increased deposition rate and improved film quality. 

The technique also allows coating of heat sensitive materials, e.g. plastics [12,13]. In 

magnetron sputtering, the ions in a plasma are used to sputter source (target) atoms, 

which are allowed to condense on the object to be coated (substrate), and form a film. The 

process gas used is often inert (Ar is a common choice, since it offers a good compromise 

between cost and sputtering efficiency), in order not to involuntarily contaminate the 

growing films.  

By applying a negative potential to the sputtering target, natively existing ions in the 

process gas are attracted, and accelerated towards it. Upon impact, sputtering of target 

atoms and ejection of electrons can occur. These electrons, being repelled by the cathode, 

are accelerated away from the target and can ionise gas particles to sustain a discharge. 

Since the number of ejected electrons per incoming ion typically is low [11, p. 24], 

electrons must be trapped in the vicinity of the sputtering target by using magnetic fields, 

in order to increase the number of ionisation events from each electron. In a magnetron, 

two arrays of magnets are placed behind the target in such a way that a closed loop is 

formed, where the magnetic field is parallel to the target surface and perpendicular to the 

electric field, see Figure 3 (a). 
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Figure 3. (a) Cross section layout of a circular planar magnetron sputtering 
source. On top of the magnets, the target (deposition material) is 
mounted. In the region where the electric and magnetic fields are 
perpendicular, electrons are confined to drift over the target surface. 
(b) Where the electrons are trapped, gas will be ionised and sputter 
target material. Below this intense plasma, the target erosion will be 
prominent. 

In this region E×B drift (as described in section 2.2) of electrons above the target surface 
is possible [4, p. 223], and the electrons ejected from the target during the sputtering 
events are confined to circulate in this volume. The high electron density in this region 
increases the probability for ionising collisions of process gas particles, which then 
predominantly occur in the vicinity of the target where the electrons orbit. The use of a 
magnetron thus allows for efficient electron trapping enabling a more easily sustained 
plasma, and decrease of the gas pressure in the remainder of the chamber to the order of 
Pa (mTorr). Growing films in this pressure regime favours both film growth rate and 
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quality, since gas phase collisions of the deposition flux, and thereby scattering and 

subsequent energy loss of film forming species is avoided [4, p. 223]. Below the electron 

drift path, the most pronounced target erosion is observed in what is called the race track, 

see Figure 3 (b). Due to this inhomogeneous erosion of the target, material usage is low 

for magnetron sputtering, often below 30% [13]. In a DCMS discharge, mainly the 

process gas is ionised, and the sputtered particles only to a small extent [14]. Thus, except 

for any gas phase scattering of the atomic deposition flux, DCMS is a line-of sight 

process. As a consequence, when coating complex shaped objects, the film growth rate 

and film quality will differ depending on how the surface to be coated is orientated 

relative to the deposition flux.  

The specific process characteristics will depend very much on the target material, process 

gas type and pressure. This makes any general description of DCMS processes difficult 

(see also section 2.5). However, DCMS often operates at a cathode potential of some 

hundreds of volts, with maximum power densities of a few tens of Wcm
-2

. Deposition rate 

efficiencies of 200-1300 Åmin
-1

/Wcm
-2

 are readily observed [11, p. 151]. The sputtering 

yield (number of sputtered atoms per incoming ion) ranges from ~0.5 to ~5 (at 300 eV Ar 

bombardment), and increases with increasing ion energy, but this effect saturates as a 

higher amount of ions are implanted in the target [3, p. 256]. The majority of the 

sputtered particles have energies of a few eV, but are distributed up to ~50 eV [4, 

p. 197,12]. Up to 80% of the energy applied to the sputtering target is transformed to heat, 

and to avoid melting and destroying the target, the magnetron requires efficient cooling 

[11, p. 31,13]. Concerning the magnet setup of the magnetron, the strength of the 

magnetic field is measured parallel to, and at the race track position. Typical values for 

optimal operation span from 200-500 G, but a discharge can be maintained for values 

down to ~100 G [11, p. 135,15]. With increased magnetic field strengths the electron 

confinement increases and with that also the ionisation efficiency, but this effect saturates 

for field strengths above ~600 G [15]. Furthermore, very high magnetic field strengths 

can cause undesired magnetisation of the ions, as well as loss of target utilisation due to a 

narrowing off of the race track [15].  

It has been shown that ion bombardment of the film during growth improves film 

properties [16]. As mentioned above, in DCMS processes the film forming species are to 

a large extent atoms [3, p. 288,14]. In order to induce ion bombardment on the substrate, 

some ions from the intense plasma close to the magnetron can be transported by 

unbalancing the magnetron. When unbalancing the magnetron, i.e. designing a magnetron 

where for instance the magnetic field strength of the outer magnets is greater than the 

inner magnets, some magnetic field lines extend farther into the chamber [16], see 

Figure 4 (b). As the electrons gyrate around these lines away from the target, the process 

gas ions will be dragged along by ambipolar diffusion (see section 2.2). By applying a 

negative potential to the substrate, desired ion bombardment and subsequent modification 

of the film growth is obtained. The effect of ion bombardment during film growth can be 

found in section 2.6. The magnetic field lines from a type II unbalanced magnetron 

(stronger outer pole) is illustrated in Figure 4 (b). By unbalancing the magnetron, ion 
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current densities to the substrate of up to 10 mAcm
-2

 have been realised, with resulting 

improved film properties [4, p. 227]. 

 

Figure 4. Cross section views of planar rectangular (a) balanced, and (b) type 2 

unbalanced magnetron configurations. In the unbalanced case, 

electrons can gyrate along the field lines extending towards the 

substrate. By (ambipolar) diffusion, also the ions may reach the 

substrate to influence film growth. The figure was created using finite 

element simulation of magnetic fields. 

2.4 High Power Impulse Magnetron Sputtering (HiPIMS) 

In many cases, ion bombardment of the film during growth is desired. High fluxes of ions 

allow favourable tailoring of the film structure and properties [17], is beneficial for film 

quality, as described in section 2.6. In the DCMS process, increased ion flux can be 

achieved by unbalancing the magnetron or by increasing the applied substrate bias. The 

latter however also increases the ion energy, which can lead to undesired implantation of 

Ar
+
 ions and deterioration of the film structure [18]. Efforts have therefore been made to 

increase the total ion flux, and to ionise the deposition species [19]. Some of these 

approaches require substantial modifications of existing deposition systems, such as the 

use of external RF coils for post-ionisation of the sputtered material [20]. The approach 

demonstrated by Kouznetsov [21], now known as HiPIMS, requires in principle only the 

sputtering power supply to be replaced in an existing magnetron sputtering setup. In the 

original paper, using HiPIMS from a Cu cathode, a high degree of ionisation of sputtered 

material, as well as void-free trench filling, due to the possibility to direct the deposition 

flux, was demonstrated. Because of the many apparent similarities between DCMS and 

HiPIMS, the two methods are often compared to each other. This is also the case in this 

thesis, where the process and film properties of both non-reactive and reactive DCMS and 

HiPIMS are compared.  
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2.4.1 HiPIMS main principle 

The foremost reason for employing the HiPIMS technique is that it permits turning a 

conventional magnetron into a source for ionisation of sputtered material. Approximately 

twice the voltage used in a conventional DCMS process is applied in short discharge 

pulses to the target, resulting in power densities of kWcm
-2

 in the peak of the pulse [22]. 

By applying this very high power to the sputtering source, a high plasma density is 

created in front of the target. In a HiPIMS discharge, the electron densities obtained can 

be in the order of 10
18

 m
-3

 [10,23], i.e. 2-4 orders of magnitude higher than for DCMS 

[14]. Such plasma densities reduces the mean ionisation distance of to a few cm, i.e. the 

dimensions of the intense plasma close to the target, while the corresponding figure for 

DCMS can be several tens of cm [24]. Thus, the probability for the sputtered species to be 

ionised is higher in a HiPIMS discharge. The amount of ionisation depends mainly on the 

discharge characteristics [25] and the target material. Values ranging from ~5% for C [26] 

to 90% for Ti [27] have been reported. In order to avoid overheating of the target, the 

power is applied in short, repeated pulses, keeping the average power similar to that of a 

DCMS process. Often, the duty factors used are in the order of a few percent. The 

resulting substrate current peak densities are in the order of Acm
-2

, which is more than 

two orders of magnitude higher than for DCMS [21]. The discharge is typically operated 

with pulse widths ranging from a few tens up to several hundreds of microseconds, with 

repetition frequencies of tens of Hz to several kHz. An example of HiPIMS waveforms 

recorded from an oscilloscope is seen in Figure 5. 

 

Figure 5. Typical voltage and current waveforms recorded from an oscilloscope 

during a HiPIMS discharge. Note the reduction in voltage during the 

pulse as a consequence of the capacitor charge being depleted. The 

pulse repetition frequency was 400 Hz, and the cathode peak current 

density ~2 Acm
-2
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2.4.2 Advantages of HiPIMS 

The main advantage of the HiPIMS technique is that with very little modification, 

existing magnetron sputtering systems can be converted to ionised magnetron sputtering. 

As previously discussed, an ionised deposition flux can be controlled in terms of direction 

and energy of the film forming species by electric and magnetic fields. The implications 

for the deposition process and film growth due to higher ion content present in the 

HiPIMS process, has been demonstrated in several publications. Bohlmark et al. showed 

that the deposition flux could be directed by applying an external magnetic field, thus 

greatly altering the spatial distribution of sputtered species [28]. Moreover, since ions will 

be accelerated through the plasma sheath to impinge practically normal to any surface 

immersed in the plasma, HiPIMS is a less pronounced line of sight process as compared 

to DCMS. By applying a negative bias potential on the substrates, this allows for more 

homogeneous coatings of complex shaped objects. Bobzin et al. showed that for HiPIMS, 

the deposition rate for surfaces perpendicular to the target surface was 71% of that for 

surfaces facing the deposition source, while the corresponding number for DCMS was 

~45% [29]. Coating of trenches in the µm dimensions was demonstrated by Kouznetsov 

et al. [21], and on the cm scale by Alami et al., finding no tilted columnar growth in 

HiPIMS grown films although the substrate was oriented perpendicular to the target 

surface [30].  

The high ion flux towards the substrate also favours diffusion processes during film 

growth [25], and can cause renucleation [31] and knock-on effects. As a consequence, 

films deposited by HiPIMS often appear strikingly dense, featureless and has a smooth 

surface [22]. Furthermore, studies have shown that the coating density increase when 

using HiPIMS as compared to DCMS is between 6-30% for different target materials 

[25,26,32]. Since the aforementioned studies were performed under widely separated 

experimental conditions, it is difficult to draw any general conclusions from the findings. 

In Paper 1, coating density depending on deposition method for eight different target 

materials was investigated using the same setup for all experiments. It was found that for 

the experimental conditions used, the density of the thin films grown using HiPIMS was 

5-15% higher than their DCMS counterparts. The density increases were linked, through 

global plasma model simulations, to the expected degree of ionization of the deposition 

flux for each material.  

The source material ionic content present in the HiPIMS sputtered flux can also be used 

for pre-treatment of substrates prior to deposition, typically a plasma etch where a high 

voltage is applied to the substrate. Thereby, film forming species are implanted in the 

substrate, forming a gradient towards the surface [ 33 ]. This allows for interface 

engineering and increased adhesion of the coatings. The resulting thin films showed 

increased performance with regards to wear and corrosion. In addition, as reported in the 

original HiPIMS paper by Kouznetsov et al., the target utilisation is improved and 

thereby also the coating uniformity in front of the deposition source [21]. 
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2.4.3 Drawbacks of HiPIMS 

The major disadvantage of the HiPIMS technique is the typically lower deposition rate as 

compared to DCMS for the same average power [19,22]. The corresponding deposition 

rate efficiencies (Åmin
-1

/Wcm
-2

) range typically from 15-40% of those of DCMS [19]. 

The main reason for this loss is known, but overall not fully understood. No single 

explanation exists for this lost rate, but several suggestions are given in the literature. The 

largest loss is believed to be due to back-attraction of sputtered material that is ionised 

close to the target [34]. 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 [35]. Moreover, the back-attracted ions are not available for film growth, further 

reducing the deposition rate. A clear relation between self-sputtering and Ar-sputtering 

yield ratios and loss in deposition rate was reported by Helmersson et al. [35]. This 

relation was not confirmed in Paper 1, and differences in experimental setups between 

the two studies are suggested as explanation to this. Also, when operating at the same 

average power, HiPIMS typically requires higher target voltages than DCMS. Thus, the 

average current and target erosion is lower, i.e. the number of charge carrying ion 

bombardments, and sputtered species are fewer [22]. Furthermore, as mentioned in 

section 2.3, and as Emmerlich et al. pointed out, the sputter yield energy dependence is 

non-linear in sputtering processes [ 36]. This effect is barely discernable for DCMS 

processes, but as HiPIMS typically operates at higher cathode voltages it may influence 

such processes. As a consequence, a power increase does not lead to a corresponding 

linear increase in sputtered species. Furthermore, the high momentary discharge current, 

characteristic for HiPIMS may cause perturbation and weakening of the magnetic 

confinement of magnetron, which may influence deposition rate [37]. Other process 

parameters, such as pulse width and repetition frequency have also been found to 

influence deposition rates [19]. Furthermore, Lundin et al. showed that the angular 

distribution of ionised sputtered material for HiPIMS discharge may differ from that of a 

DCMS discharge [38]. It was shown that in a HiPIMS discharge, ions are accelerated 

radially outwards, parallel to the target, and a smaller fraction of ions could be available 

for deposition of a substrate facing the target. The effect of this phenomenon on 

deposition rate measured on surfaces facing the deposition source is however not always 

apparent (see e.g. reference 28). Finally, one could also consider that the energy loss in 

the switching unit in a HiPIMS power supply may be substantial [39]. This does not pose 

a problem when comparing deposition rates if the power is measured at the cathode, and 

not observed at the power supply display. While the effect does not affect the power load 

that can be applied to the target nor influences the discussion above, it will increase the 

operating cost. 

Early in the studies of the technique, the presence of arcs was identified as a problem for 

the HiPIMS technique [40,41]. When an arc occurs, the discharge current runs through a 

small spot on the target, causing local target melting and ejection of macroparticles that 

can be detrimental for film quality and target life time. The sudden high current may even 

damage the power supply electronics. In industrial applications the presence of arcs 
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should be carefully avoided, and much effort has been dedicated to develop sophisticated 

arc detection and suppression, integrated in modern HiPIMS power supplies. 

2.5 Reactive magnetron sputtering 

Compound coatings can be produced by sputtering metallic or elemental target in the 

presence of a reactive gas added to the inert process gas [4, p. 216]. During the process, 

the reactive gas forms a compound on the chamber walls and target surface [5, p. 632]. 

The material on the target is sputtered to form a compound film on the substrate. Reactive 

sputtering is an excellent method for, e.g. low temperature deposition of compounds with 

arbitrary stoichiometry [42, p. 598]. Common processes include addition of oxygen, 

nitrogen and hydrocarbon gases, to form oxides, nitrides and carbides, respectively [4, 

p. 216]. Today reactive magnetron sputtering is widely used for e.g. coating glass and 

cutting tools [43]. 

At low reactive gas flows, the compound formed on the target is sputtered away, and 

substoiciometric films are formed on the substrate. Since all reactive gas is consumed in 

the process and through gettering by the chamber walls, no pronounced increase in 

pressure is observed when the reactive gas flow is changed. Should the amount of 

reactive gas increase above a certain limit, the chamber walls become saturated, and more 

compound is formed on the target than is sputtered away. The target surface becomes 

covered by compound and is said to be poisoned [11, p. 49]. In this regime the pressure 

increase is linearly proportional to changes in reactive gas flows. The compound is often 

characterised by significantly lower sputtering yield, and thereby also deposition rate, 

than for the metallic target state [42, p. 599]. The transition between metallic to 

compound mode is often abrupt, and the increase in total pressure is often accompanied 

by a significant change in cathode voltage (if operating in constant current mode) [3, 

p. 280]. Furthermore, the reactive gas flow must be decreased well below the transition 

onset point to remove the compound formed on the target. This is referred to as the 

hysteresis effect [4, p. 217]. Growth of stoichiometric films often requires operating the 

process close to, or in the transition region [44], or sometimes in compound mode. Given 

the instability of operating in the transition region and unfavourable process conditions in 

the compound mode, much effort has been made to allow for stable operation in the 

transition region. This can be achieved by for instance controlling the reactive gas flow 

through feedback control loops [45]. The feedback signal can be attained from e.g. 

observing the reactive gas partial pressure by mass spectrometry [45], monitoring the 

cathode voltage [43], or by optically monitoring the light emitted from the plasma which 

is characteristic for each plasma composition [3, p. 287].  

Recently, the improved process stability in the transition region without the use of 

feedback equipment when reactively sputtering oxides by employing HiPIMS was 

demonstrated [46,47]. The stability can be explained by rarefaction of the reactive gas 

during the HiPIMS pulse [48] due to the process gas being heated by the sputtered, 

energetic species [49]. It has also been proposed that a higher erosion rate during the 
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pulse due to the high instantaneous power loads to the cathode, which results in an 

efficient cleaning of the target, in combination with low plasma activity in-between 

pulses preventing severe compound formation [22,46,50]. In Paper 2 HiPIMS has been 

used to reactively deposit TiC by sputtering a Ti target in a gas mixture of Ar and C2H2. 

The use of high density plasmas with C2H2 as reactive gas has been shown to promote 

dissociation of the reactive species, and influences the type of dissociation products being 

created [18,51,52]. This becomes particularly interesting when sputtering reactively using 

acetylene, a process where a substantial part of the carbon deposit comes from the plasma 

itself, and not from sputtered compound [53,54]. Also in this case, the plasma density and 

plasma species present will have an influence on properties of the resulting films. 

2.6 Film growth 

During film growth atoms arrive and condense at the substrate. The condensed atoms 

(also referred to as adatoms) can, depending on the available energy diffuse on the 

surface to form atomic clusters at energetically favourable sites. As the clusters grow and 

later coalesce, a homogeneous film is formed, although typically with grain boundaries. 

As the film grows the structure is inherited from the initial nucleation, and the 

microstructural evolution depends on the energy, i.e. the ability for diffusion of the 

growth species as will be outlined below. For neutral growth species, the energy upon 

arrival depends mainly on the number of collisions prior to reaching the substrate 

(thermailsation), as determined by the process pressure and distance from target to 

substrate [55, p. 131]. Additional energy can be supplied by heating the substrate, or by 

exposing it to bombardment of energetic particles. The latter can be realised by 

unbalancing the magnetron, and/or by applying a substrate bias, and it has been shown 

that an intense, low energy (~20 eV) ion bombardment results in film densification and 

increased grain sizes [56,57]. Although increasing the bias does increase the ion flux, it 

also increases the ion energy, which can lead to deterioration of film structure and 

implantation of inert gas species. Thus, a high ion flux density is preferable to high ion 

energy in many situations. Moreover, a high deposition rate and low growth temperature 

promotes many small grains and random crystallinity [4, p. 387,17,58].  

The growth parameters influence on a metallic film grown is often illustrated in so-called 

structure zone models (SZM). The first SZM for sputtered films, as presented by 

Thornton in 1974 [59], depicted film structure as a function of substrate temperature
†
 and 

process pressure, both determining the energy and mobility of adatoms. The SZM has 

since been further developed [17,58,60]. Overall, the boundaries between the zones in a 

SZM should not be considered to be overly sharp. In zone I, the adatom diffusion is very 

low, and limited to diffusion on a grain, if at all. The resulting films are characterised by 

fine columnar growth and are often porous. The films can be porous and the surface 

rough. Zone T, where adatom surface diffusion, also between existing grains is possible, 

                                                 
†
 The temperature used in SZM is often the so-called homologous temperature, i.e. 

substrate temperature divided by the melting temperature of the film material, or TS/Tm. 
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the film columns are denser. Due to the intergranular surface diffusion, the faster growing 

crystallographic orientations will dominate over the slower growing ones, giving the films 

characteristic v-shaped grains in the growth onset, followed by straight columns. 

Increasing temperature further, allowing both surface and bulk diffusion, larger grains in 

a dense morphology, characteristic for zone II is obtained. The bulk diffusion also enables 

grain boundary migration. In zone III, the columnar growth is interrupted by renucleation 

events (grains growing on existing grains), and a globular structure is observed [17,60]. 

The renucleation can be triggered by the presence of contaminants or matrix phases, 

inhibiting the crystal growth. This can be seen in Paper 2, where the TiC grain sizes 

diminished upon increased a-C:H tissue phase. Renucleation can also be caused by 

intense ion bombardment, characteristic for HiPIMS processes, generating new 

nucleation sites on existing grains [25,31]. It is also known that low energy ion 

bombardment displaces the structure zone divisions to lower growth temperatures [61]. 

Considering that HiPIMS processes exhibit significantly higher film constituent ion 

bombardment of the substrate, classic SZM may be insufficient to properly describe film 

growth under high ion flux growth conditions. All in all, although offering an overview of 

film growth, a SZM should be considered mainly as guidance. 

2.6.1 A note on stress and adhesion  

As a film grows, stress may develop. From the attractive intercolumnar forces of 

underdense films, tensile stress is generated as the columns coalesce [62]. Adatom 

migration to grain boundaries and energetic ion bombardment and implantation (atomic 

peening) on the other hand yields compressive stress [4, p. 748,62]. Should the stress be 

too high, delamination of the film may result. Adhesion can be improved by plasma 

etching to remove the naturally occurring oxide layer present at most surfaces. The 

etching can also increase the surface roughness, allowing for mechanical adhesion of the 

film [4, p. 768]. However, the residual products from the etching process should be 

prevented from reaching the sputtering target, which should be protected and/or clean 

sputtered prior to deposition. Adhesion can also be improved by depositing an adhesion 

layer. For this purpose Ti or Cr is commonly used. 
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3. Industrial considerations  

In this section PVD, magnetron sputtering and, HiPIMS are discussed. The challenges of 

adopting a conceptual solution developed on a research coating system to industrial 

conditions, scaling it to production rate and introducing it to the market are then briefly 

discussed. Although some technical terminology may be unfamiliar to the reader, the 

reasoning is hopefully comprehensible. A brief summary of relevant technical aspects can 

be found in previous chapter, for the reader’s convenience and kind consideration.  

3.1 From academia to industry 

Although some ideas certainly emanate from industry itself, for the physical vapour 

deposition (PVD) field extensive research has been, and is still being performed in 

academia. The authors of scientific publications often also point out possible application 

areas in their research, which naturally serve as inspiration for the industry. Thus, 

industrialisation is often a necessary step to make the benefits of the (frequently tax-

funded) scientific achievements accessible to the market, this regardless of the origin of 

the original idea. 

In order to transfer ideas from lab scale to full production, adaptation of the technique 

must be performed. The challenge of this lies in that the process conditions typically 

differ significantly between the research lab and the production plant. Research 

conditions are by necessity near ideal in order to be able to determine causality of 

experiments without the influence of unknown and sometimes even uncontrollable 

parameters. Depositions performed in academia are thus often performed under ultra high 

vacuum conditions (see section 2.1). This requires that single use metallic gaskets are 

employed, and the pumping times can be long [63, chapter 4]. The deposition rates are 

typically at least one order of magnitude lower than in the industry, and the cycle time 

(i.e. time between deposition runs) is of minor importance. While favourable deposition 

conditions are desired also during production conditions for industrial depositions, this is 

often incompatible with the high throughput yield required in mass production. This 

means that the key parameters that are necessary to obtain the desired feature in the new 

process must be identified and transferred to the industrial system, while the remaining 

parameters are optimized to hinder neither throughput nor the quality of the product. 

These parameters include process gas pressures, plasma and discharge characteristics, ion 

bombardment of the growing film, and deposition rate. Also properties not normally 

considered as process parameters must be taken into account, such as the chamber 
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geometry [6, p. 181-197], the ratio between deposition source size and chamber surface 

areas [44], deposition source design, pumping orientation, and process gas inlet and 

distribution  [11, p. 40]. Typically several or all of the aforementioned properties tend to 

differ greatly between academic and industrial deposition systems. 

An illustrative example is provided by the large area coating plants which are designed to 

apply thin films on window glass. The coatings may for instance provide high reflectance 

in the far infrared spectrum (keep radiation from room temperature in) and near infrared 

(keep sun heat out) [64], while being transparent in the visible spectrum. Often the film 

architecture consists of multiple layers, each with its own function, such as dielectric, 

reflectance for specific wavelengths, self cleaning capability, and protective layers to 

resist scratches etc. The substrates, with sizes up to 20 m
2
 [65] and widths of >3 m [64] 

are continuously fed from atmosphere into several pumping sections evacuating to 

pressures below 10
-3

 Pa (7.5 µTorr) [66] and moving with a speed close to 0.5 m/min 

[67]. Coatings are provided by arrays of magnetrons up to 4 m long [64] operating 

without interruption for weeks with thickness uniformity deviations of less than 2% over 

that time [65]. This scenario is tremendously different from the lab-scale process, where 

substrates rarely larger than a few cm
2
 are deposited in UHV environment (see section 

2.1) by magnetrons with diameters of a few inch. The transition from lab-scale to 

industrial is overwhelming and was made possible through technological leaps for 

virtually all hardware present in the coating systems, including vacuum pumping, process 

gas distribution, design of deposition sources and deposition materials, power supplies, 

and feedback control of processes [65]. As a marker on the successful transfer from lab-

scale, it can be noted that the glass coating industry annually coated >10
8
 m

2
 of glass (in 

1999) [64]. To take this type of processes from being exclusive glass for special 

applications to a widely used product common in much of modern construction has taken 

more than 30 years [67]. 

As discussed above, the challenges of transfer of a process from academia to industry are 

many, and compromises as well as application specific development must be made. The 

natural advantage is that the desired end goal often is known. Still one must appreciate 

and understand that the transfer of processes to industry will require a considerable 

amount of time and resources, and that tailoring both hardware and the process with the 

product in mind must be a priority early in the commercialization of a particular coating 

or deposition process. 

3.2 Requirements of industrial processes 

Once the process has been successfully transferred to industrial scale systems, further 

adaptations has to be made in order to establish a competitive process. Here one must 

consider product quality as well as time and resources needed, all according to the 

requirements of the intended application. Quality means not only to fulfil the 

requirements of the specifications, but also the ability to repeatedly do so over an 

extended amount of time. This robustness, or repeatability, is the ability to produce 
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products exhibiting the desired quality during the life-time of the deposition source 

material as well as during the natural changes of the process environment occurring in-

between service intervals of the deposition system [11, p. 41]. It also applies to the ability 

to respond to changes outside the process chamber itself, ranging widely from changes in 

air humidity to quality variations of the objects delivered for treatment. The robustness 

ensures that the number of discarded processed objects is within acceptable limits. This is 

of paramount importance considering that an often used argument for choosing PVD 

technology is the reduction of cost and resources [66], and sometimes the cost of the 

objects to be treated can be much higher than the treatment itself. Thus, monitoring of the 

processes during production is necessary for being able to detect and compensate for any 

deviations. Much of these issues can be addressed by designing a dedicated production 

unit for the process, and with robustness in mind, and thereby avoiding deviations from 

the desired properties. For a process to be competitive, also the time for up-scaling the 

process to reach the market should be considered. This time will depend on the market 

need balanced against the quality demands of the final product [68, chapter 9]. A time 

aspect should also be considered on a smaller scale, for each production cycle. The 

resources needed apply to the total cost per produced unit. Opportunities for optimisation 

are plenty, and can be illustrated considering the deposition source and material of a 

magnetron sputtering process. Designing a deposition source with as high deposition rate 

as possible seems natural since it shortens each cycle time. However, the character of 

such a source may be that the utilisation of the deposition material is low, thereby 

requiring more frequent stops for replacing the source material. Similarly, a source 

optimised for high usage of source material may not be optimal regarding operating 

characteristics, as well as deposition rate and film growth conditions. 

 

Figure 6. The project triangle. The priorities for a certain activity can be 

represented by placing a dot somewhere in the triangle. 

The demands on a specific industrial processes can be illustrated by the (here somewhat 

modified) so-called project triangle. It illustrates the competitive factors [69, p. 6] time, 

quality and resources are each attached to a corner of a triangle, see Figure 6. Each corner 

represents an area of focus for a certain project or process. This figure is often 

accompanied with the injunction to prioritise a maximum of two qualities, implying that 

Time

Quality

Resources
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focusing on some areas means that other areas inevitably will suffer. The choice of focus 

must then be driven by the end user requirements and the application itself, and may vary 

when moving from the process adaptation, up-scaling and production phases. The project 

triangle thus highlights the need of knowing which aspects to prioritise when tailoring 

each process. This so, since while a customer certainly would not object to a product 

quality far exceeding their specifications, they would perhaps not be as willing to carry 

the expenditures accompanied with the additional development performed. Finally, it is 

important to note that the development of a process is never finished or perfected [69, 

p. 6]. Here one must consider the potential competitive advantage and increase in profit 

margins, versus the time and cost for further development. 

3.3 Introducing new solutions 

There is however an inherent inertia towards adopting new solutions in spite of displayed 

advantages. A new solution often means abandoning previous, well known processes that 

have been tweaked and perfected over a considerable amount of time. The inertia is 

reasonable, and can be understood considering the previous two subchapters. Apart from 

the obvious economical risk of investing in new production means, the producer also 

must ensure that the new technology will perform at a level which ensures that the 

producer can fulfil the requirements of his customers in turn [68, chapter 6]. The demands 

on quality, throughput and economical justification must thus be demonstrated prior to 

any investment. 

As has been discussed in the above sections, the migration of a process from lab-scale to 

industrial scale requires careful identification and transfer of key parameters. All other 

process parameters must be adapted in a way that not disturbs the end result, but still 

fulfils the production yield requirements. Such work must be performed during transfer 

from academic to industrialisation scale as well as when up-scaling to full production. In 

the adaptation for each step it is advantageous to be able to perform as many of the 

process industrialisation steps as possible in similar deposition systems. This allows for 

maximum focus on process and production yield optimisation. 

3.3.1 Example of an industrial high vacuum deposition system suitable for 

research, industrialisation, and production 

For a deposition system to be able to serve as an efficient research, industrialisation, and 

production unit, it is advantageous if the conditions for all three steps are similar. The 

requirements of the three steps are however slightly different. While the research step 

requires conditions as close to ideal as possible, the production step demand is more 

biased towards high throughput and evenness in the quality of the end result.  

A commonly used deposition system type within tool coating industry is the batch loaded 

system. Large numbers of substrates are mounted in the vacuum chamber prior to 

evacuation. During deposition the substrates are continuously rotated in order to be 

exposed to the deposition sources. Each substrate is directly facing a source a fraction of 
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the total deposition time, resulting in lower and possibly aperiodic film growth [70]. The 

batch loaded system design focuses on many objects to be treated simultaneously during 

long cycle times, and is efficient for large batch production. However, the cycle time 

between depositions can be several hours – not counting the actual deposition time. The 

semiconductor industry utilizes cluster coating systems consisting of several chambers 

where different steps of the coating process are carried out under ultra high vacuum 

conditions. As the samples are transported between the isolated chambers in vacuum, the 

impurity levels are kept low.  

In this thesis, a deposition system combining properties from batch loaded and cluster 

deposition systems has mainly been used. In principle, the Inline Coater system is based 

on a detached, rotatable inner chamber with four cells housed in an outer chamber, which 

is not ventilated between deposition runs [ 71 ]. Figure 7 depicts a top view of the 

deposition system. Samples are loaded in the load-lock chamber and are subsequently 

rotated to the different chambers for treatment. When not rotating, the cells are isolated, 

and different processes can be executed in the individual chambers simultaneously. The 

four chambers can be equipped for different functions, including designated etch chamber 

and arbitrary vacuum deposition process. Different process steps are thus performed in 

different chambers, avoiding contamination of both deposition sources and substrates. 

The isolated designated load-lock chamber permits keeping the remainder of the system 

under vacuum when unloading and loading samples. The small volume of the load-lock 

also allows for pump down times of one minute or less. In addition, the current deposition 

system allows for several types, sizes and shapes of deposition sources to be mounted 

from the top and/or bottom of the chambers. 

 

Figure 7. Principle of the Inline Coater deposition system (top view). The 

samples are transported in vacuum between the four, centrally pumped 

chambers for the different production steps.  

Since the process as a whole is segmented into steps and performed in different chambers, 

several small batches can be treated simultaneously in different positions. This allows not 

only coating structures consisting of several layers, but also a high throughput limited by 

the time requirement of the production step with the highest time expenditure. 

Load Lock

Etching

Coating 1

Coating 2
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As previously discussed for processes, one should note that the development of a 

deposition system never will be finalised. There are always improvements that could be 

made, and continuous parallel developments in adjacent fields or innovations of new 

processes or materials will compel the development to proceed when required for 

increased product quality. Although possible to perform, it is not always motivated to 

spend time and resources to address an issue that do not compromise the end product 

quality. Or, to quote a popular expression believed to originate from the American 

businessman T.B. Lance, pointing out that improving on a system already performing at 

sufficient level is meaningless and may actually cause more harm than good: “If it ain’t 

broke, don’t fix it.”. For instance, in the present deposition system, high vacuum is 

generated by one centrally placed pump evacuating all volumes (see Figure 7). The use of 

common pumping volume may introduce cross talk of gases between the chambers. For 

very sensitive processes, in particular when employing unusually high process pressures, 

this may introduce process instabilities. The issue can be suppressed by separating the 

pump lines for the different chambers. The centrally placed pump also introduces uneven 

pumping of each chamber, requiring the gas inlet to be carefully designed. Also, although 

the cells themselves are rotating, the samples mounted in each cell are static. Considering 

that most PVD processes are line-of-sight depositions, this means that the coating 

properties may vary depending on their orientation with regards to the deposition source. 

However, depositing both from above and below allows for good 3D-coverage but 

requires a lattice like fixture. Although technically feasible to implement, for production 

throughput purposes the deposition system does not allow for conventional substrate 

heating; a process which can take up to one hour. Instead, the plasma etch stage can be 

manipulated to rapidly heat the substrates. Finally, as with all deposition systems, the 

actual dimensions of the deposition cells limits the size of the substrates that can be 

treated. The above mentioned inherent limitations are possible to address, however this 

should only be done if the quality of the end product otherwise fail to meet the 

requirements.  

3.4 Industrialisation of HiPIMS 

HiPIMS is the most recent step in the development of the magnetron sputtering technique 

used for thin film coatings. As described in Chapter 2.4, HiPIMS allows for depositing 

well adhered, dense, and smooth thin films of excellent quality. As previously discussed 

in this chapter, technology transfer from academia to industry will require adaptations. 

This naturally also applies to the HiPIMS technique. Little modification is required to 

implement the HiPIMS technique in an existing deposition system - in principle, one 

simply has to replace the power supply. Successful up-scaling of the process to industrial 

level was demonstrated some five years after the technique first was reported [72]. The 

industrial interest and development has continued ever since, reflected in an increasing 

number of publications and conference contributions on HiPIMS under industrial 

conditions as well as in collaborations with industry [72-81].  
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The main drawback of the technique reported throughout the literature is that the power 

normalised deposition rate is lower for HiPIMS when compared to DCMS [22], as 

summarised in section 2.4.3. This means that the production throughput is lower, and that 

the cost per produced coating therefore is higher
‡
. In addition to this, the power supplies 

themselves cost around three times more than DCSM power supplies [39]. The 

economical perspective and inherent limitations of the process makes it unlikely to 

completely replace conventional deposition methods. Nevertheless, there is at present 

little doubt that the HiPIMS technique will establish itself as an industrially relevant 

deposition method where conventional techniques fail, where the increased demands of 

coating properties justify the cost increase, or where thin coatings will suffice [39,75].  

3.4.1 Industrial HiPIMS power supplies 

Although very little modification of the deposition system as such is needed to implement 

HiPIMS, the power supplies must be able to feed the significantly larger industrial 

cathodes and ensure a stable process [22,82]. To facilitate the plasma conditions that 

ultimately lead to favourable coating properties, the power supply should deliver pulse 

peak power densities of ~kWcm
-2 

[82]. As mentioned above, up-scaling of power supplies 

was demonstrated soon after the technique was introduced [72]. To facilitate necessary 

power density to the cathodes during the pulses, the power supply must be equipped with 

a sufficiently large capacitor bank. Today, supplies are available that has been shown able 

to deliver the power needed for industrially significant cathode areas of >400 cm
2
, and up 

to 1 m in length [73]. Depending on the capacity of the power supply, the voltage drops 

significantly [83], or is maintained at a constant level during the pulse [84]. While the 

latter often is preferred during scientific studies, the influence of the voltage drop on the 

quality of the end result has not been thoroughly investigated.  

A prerequisite for stable process operation and good film quality is for the power supply 

to be able to suppress any arcs that might occur during depositions. This problem was 

addressed early [40,41], and the power supplies available today offer sophisticated, 

efficient, and flexible arc suppression that quenches entirely any arcs within a few 

microseconds. 

In addition to the supply powering the deposition source, the bias power supply may have 

to be carefully chosen. Taking into consideration that the peak ionic current densities at 

the substrate can be more than two orders of magnitude higher than observed in a DCMS 

process [73,85] combined with the larger substrate area in industrial coating systems, the 

necessity for the bias power supply to be capable of handling large currents is clear [39]. 

This has led to a development of bias power supplies capable of maintaining a constant 

voltage during the cathode pulse [22], as well as bias supplies with synchronised pulsed 

voltage.  

                                                 
‡
 Assuming that the HiPIMS coating is required to have the same thickness as the DCMS 

coating, which may not always be the case. 
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Today, the available power supplies fulfil the requirements of delivering adequate power 

to industrial cathodes and maintain a stable process [72,73, 86 ]. However, more 

fundamental understanding of the HiPIMS process, and how the process parameters allow 

for tailoring the film properties, will provide a knowledge base for how to design the next 

generation of power supplies. 

3.4.2 Applications and implementation 

Since its introduction to the scientific community, suggestions on suitable application 

areas for the HiPIMS technique have been proposed [21]. Subsequent publications have 

continued to identify and show areas that would benefit from the film properties 

emanating from the technique. In addition to power supply manufacturers offering the 

technique, several coating system manufacturers market HiPIMS enabled deposition 

systems [87-89]. 

The possible areas of applications can be divided into improving existing applications, 

and such where the technique, due to its unique properties, enables for using PVD 

coatings where the results today are insufficient. The increased stability of reactive 

processes has been industrially demonstrated for nitride and oxide materials, [73,74,90]. 

The HiPIMS technique has shown to enable CrN coatings with increased hardness as 

compared to conventional methods [31]. It has been used for surface pre-treatment (Cr 

implantation) with high etching rates leading to surface modification and/or implantation 

for increased film adhesion [91]. The method offers good coverage of complex shaped 

objects for various metals (Cu, Ta), and compounds such as (Al, Cr)N and (Al, Cr, Si) N 

[21,39,92]. Observed film structure (e.g. for CrN) exhibits smooth surface, higher density, 

and glassy, featureless film morphology [25], as well as improved wear protection, 

protection versus corrosion, and friction modification [73,91].  

Particularly interesting are the cases where utilising HiPIMS as compared to DCMS does 

not implicate a deposition rate loss. This is for instance found for reactive sputtering of 

oxides [46,48], and should up-scaling of these processes prove successful, this may very 

well provide the necessary driving force for HiPIMS to be the standard method of choice 

for certain applications. Other areas where HiPIMS could establish itself include coating 

of heat sensitive substrates [93] and aesthetical coatings. It is also interesting to note the 

reports on depositions using several cathodes (typically in batch-loaded systems), where 

some cathodes are operated in DCMS mode. Here, a deposition rate similar to that of 

DCMS is reported along with HiPIMS-like film properties [13,74,94]. This approach thus 

circumvents the drawback of lost deposition rate. 
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4. Materials systems 

Apart from pure metal coatings, one of the papers appended to this thesis treats a 

reactively grown compound, TiC, which is briefly introduced below.  

4.1 Titanium carbide 

Titanium Carbide (TiC) is a monocarbidic cubic compound with NaCl structure. The 

chemical bonding of the material is a combination of ionic, covalent and metallic [95, 

p. 52]. Because of the strong bonds, TiC, like many refractory carbides exhibits 

interesting physical properties, including high hardness, high melting point, chemical 

stability and good electrical properties [96, p. 4,97]. Another striking feature is that the 

lattice can host a large number of vacancies which is reflected in a stability range of 

0.47 < x < 0.99 for TiCx [95, p. 71]. The properties of the compound depend largely on its 

stoichiometry, and it is therefore natural to illustrate TiC properties as a function of C/Ti 

ratio [97]. Because of its excellent mechanical properties TiC has been used in 

tribological applications. Recently nanocomposite TiC/a-C was demonstrated as a 

potential material for coating electrical contacts [98]. 

4.2 Nanocomposite TiC/a-C:H 

For TiC thin films deposited by PVD techniques, C is readily observed to segregate to the 

grain boundaries, forming a tissue phase of free C [99]. While this is expected for C/Ti 

>1, it can occur also within the stability range for PVD films [100]. The resulting film 

structure is often described as nanocomposite where nano meter sized carbide grains are 

embedded in a matrix of amorphous C, denoted TiC/a-C. When a film is synthesised by 

reactive sputtering using a hydrocarbon gas as C source, the matrix is likely 

hydrogenated. The nanocomposite is then denoted TiC/a-C:H. The microstructure of a 

TiC/a-C(:H) film depend largely on the growth conditions, e.g. substrate temperature, 

ratio and fluxes of process gases used, and the energetic bombardment during film growth 

[17]. An energy input during film growth is needed for carbide formation [101], and thus 

affects the amount of free carbon. A presence of tissue phase covering carbide grains will 

suppress further grain growth and induce repeated renucleation of carbide grains, which 

will ultimately lead to diminished grain sizes [102]. The thin film TiC/a-C(:H) coatings 

exhibit similar properties as bulk TiC, although for thin films the properties are 

determined by other factors than stoichiometry. The size of the TiC grains as well as the 

amount of free C (i.e. grain separation) must also be considered. Hence, the TiC/a-C(:H) 
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thin films can be tuned through the deposition conditions to exhibit certain properties, and 

can thereby be used in several application areas. Per example, the presence of an a-C 

matrix may be exploited for self lubricating coatings [102] or coatings with high 

toughness [103]. Coatings of high hardness are realised through films with grain sizes of 

a few nm and a matrix of a few monolayers, thus allowing no intragranular deformation 

or gliding of grains [104]. The nanocomposite films can be used as electrical contacts by 

growing films with slightly larger grains and thicker a-C matrix separating grains. These 

films will deform upon contact which will allow for a large contact area, as needed for 

good electrical junctions [98].  

In the present thesis, high power impulse magnetron sputtering (HiPIMS) is employed to 

deposit TiC under conditions apparently unfavourable for carbide formation, e.g. no 

substrate heating and low sputtering powers. A key feature of HiPIMS is the high degree 

of ionisation of the sputtered material. By applying a negative bias to the substrate, 

positive ions are attracted, causing an energetic bombardment of the growing film. The 

increased adatom energy can supply the energy needed for C-Ti bonds to form. This 

reduces the need for substrate heating during film growth, which allows for depositions 

on heat sensitive substrates. Moreover, a lower substrate temperature decreases the strain 

caused by differences in thermal expansion coefficient between the substrate and film, 

which may be beneficial for film adhesion. 
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5. Thin film characterization techniques 

A necessary step for deducing the influence of deposition conditions, process, and plasma 

parameters on film properties is to analyze the coatings. In order to evaluate the deposited 

thin film properties numerous analysis methods are available, all with their respective 

advantages and limitations. The choice of analysis method depends on the properties 

intended for study, the precision needed, resources available and the material of interest 

itself. In this chapter, the analysis techniques used in this thesis are briefly described. For 

a comprehensive guide on the respective characterization techniques, as well as their full 

potential and usage, the reader is kindly referred to the references given. 

5.1 X-ray diffractometry 

The structural properties of a material can be investigated with X-ray diffraction (XRD). 

XRD is an invaluable tool for materials analysis due to the abundant and diverse 

information that can be extracted. The atoms in a material are ordered in a three 

dimensional periodic crystal structure within distinct volumes, and electromagnetic 

radiation can be diffracted when impinging on periodic structures with a length scale 

close to that of the wavelength of the radiation used. Since the distances between the 

atomic planes are typically a few Å, diffraction may occur when the sample is probed 

with energies of a few keV (X-rays). For specific crystallographic plane distances, the X-

rays are scattered coherently (constructive interference) at certain angles, as described by 

e.g. Bragg’s law. Thus, the technique allows investigation of the crystalline content and 

its orientation in a material. In addition, lattice strain, crystal grain sizes, and preferred 

orientation, and several other crystal properties can be attained from this analysis 

technique [105]. During XRD measurements a range of diffraction angles is scanned and 

the diffraction intensity is recorded as a function of the angle. By analyzing the resulting 

X-ray patterns (diffractograms) with respect to peak positions and shift from expected 

values, peak intensities and peak broadening, information of the crystalline ordering of 

the sample can be extracted. The relative peak intensities depend on, among many things, 

crystalline defects, the sample texturing (preferred orientation) of the crystallites during 

film growth. Each diffraction angle corresponds to an interplanar spacing which is related 

to sample material, composition and crystallographic orientation. A shift in expected peak 

position is interpreted as deviations in composition or lattice (macro) strain. By analyzing 

the broadening (full width at half maximum) of the recorded peaks one can draw 

conclusions on size (coherence volumes) and size distribution of the crystallites 

constituting the sample as well as micro strain induced by crystal structure distortions.  
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Figure 8.  Principle of XRD using (a) the θ/2θ scan, and (b) the GIXRD 

configurations. Note that for GIXRD the planes contributing to the 

scattering are non parallel to the substrate surface. 

In the present work, XRD has been used in θ/2θ configuration (see Figure 8 a) to analyze 

thin films with regard to their phase content, coherence and possible orientation effects. 

When operating in the θ/2θ configuration, the X-ray source and the detector are 

synchronously scanned, keeping the incident angle of the beam equal to the exiting angle. 

In this configuration, only the crystal planes parallel to the sample surface can fulfil the 

conditions for constructive interference, making the setup very sensitive to texturing. To 

verify the phase content observed for θ/2θ, grazing incidence XRD (GIXRD) has been 

used. In GIXRD the incident angle ω is kept fixed at a low value (typically a few degrees) 

and the diffraction angle is varied, as depicted in Figure 8 b). This implies that the planar 

orientation with respect to the sample surface that is probed varies depending on the 

detector angle [105]. The advantages of this mode are that a larger sample volume is 

irradiated allowing scattering from a bigger film volume, and thereby diffraction from 

more crystallites. This is particularly useful when analyzing very thin films or samples 

exhibiting low peak intensities. Another advantage of GIXRD is that the usually very 

intense diffraction peaks from the substrate are not visible since the surface-parallel 

substrate lattice planes will not fulfil the conditions for constructive interference. This 

makes the GIXRD setup useful when detecting peaks of low intensity and/or positioned at 

diffraction angles close to that of the substrate peak.  

XRD requires no or little sample preparation, and the analysis itself is non destructive. 

The method also covers a large volume of the sample giving a statistical overview of the 

specimen phase contents. 

5.2 Scanning electron microscopy 

Scanning electron microscopy (SEM) is an extensively used characterisation technique, 

much owing to its simplicity of use, and the abundant yet easily interpreted information 

that can be obtained. The SEM image can provide information on topography as well as 

the elemental constitution of the sample. 

a)

d

θ 2θ ω
2θ
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In the SEM a fine beam of electrons, generated by a filament or a (field emission) 

electron gun, is accelerated (typically a few to tens of keV [4]) and focused to a point on 

the sample. The point is repeatedly scanned over a specified area of interest. When the 

beam interacts with the specimen, some electrons are back scattered, and secondary 

electrons are generated. Both of these electron types can be collected to form the image. 

The image is thus formed pixel by pixel as the beam spot scans over the investigated area. 

The number of ejected secondary electrons available for detection is depending on the 

orientation of the irradiated surface, in that a surface which is non perpendicular to the 

beam ejects a larger number of secondary electrons. The back scattered electron yield is 

proportional to the mass of the of the sample atoms. The collected electrons thus carry 

information on both topographic and elemental contrast, and by discriminating between 

the types of electrons, one contrast type can be enhanced over the other. Notably for the 

SEM is the large depth of field, i.e. the ability to keep objects at different height from the 

detector simultaneously in focus, this makes the interpretation of SEM images very 

intuitive. The SEM magnification ranges from some 10´s times to several 100 000´s 

times, and the highest lateral resolution of the SEM is typically a few nm [106]. In this 

work the SEM has been used for imaging both the surfaces and cross sections of coatings. 

From the latter also the film thicknesses were obtained. 

5.3 X-ray photoelectron spectroscopy 

The chemical composition and the binding states of a specimen can be obtained from X-

ray photoelectron spectroscopy (XPS) [107] (The technique is also known as electron 

spectroscopy for chemical analysis, ESCA). In XPS analysis the sample is irradiated by 

X-rays with known energy, causing photo ionisation in, and release of photoelectrons 

from the sample. The energy of the ejected photoelectrons is measured, and the electron 

binding energy is calculated as the difference between incoming photon energy and 

photoelectron energy. This binding energy is specific for each element and the atomic 

species present in the sample can thus be identified. By comparing the relative peak 

intensities for the detected atomic species, the chemical composition of the sample can be 

determined [107]. 

Even more information on the sample can be extracted when observing small deviations 

(chemical shifts) from the theoretical binding energies for an element. The chemical 

environment, or chemical binding of the atoms, gives rise to small shifts in the electron 

binding energies and electron densities experienced by the nuclei, each corresponding to a 

bond type. Thus, the relative amount of bond types for a certain element can be probed 

[107]. Figure 9 shows an example of a high resolution spectrum for the C1s signal from a 

nanocomposite TiC/a-C:H thin film coating. The curve fit of the spectra reveals three 

peaks, each corresponding to a bond type for carbon. At ~284.8 eV the C-C bonds peak is 

seen, and the ~282 eV peak corresponds to C-Ti bonds. The intermediate peak at ~283 eV 

(labelled C-Ti*) is suggested to have its origin in the interface between carbide grains and 

the amorphous carbon matrix or interface disordering effects [108].  
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Figure 9.  High resolution XPS spectra of the C1s region for a nanocomposite 

TiC/a-C:H coating. Three distinct peaks are discernable through the 

peak fitting (dashed lines), providing information on the type and 

quantity of the carbon atom bonds. 

XPS analysis is a surface sensitive technique, typically collecting information from 

electrons emitted from depths of 0.5-3 nm [3]. Owing to this fact, XPS instruments are 

often equipped with sputtering capabilities to remove surface contaminations prior to 

analysis or, as in the case of the present work, sputter to the bulk of the film for analysis. 

The sputtering is typically performed using inert ions, often argon. While it is known that 

this depth profiling by sputter etching causes noticeable damage to the sample [4], 

altering the bond type proportions, recent studies have shown that the damage can be kept 

at acceptable levels by carefully choosing sputtering parameters [109]. In the present 

work, XPS has been used for compositional as well as chemical analysis. 

5.4 Ion beam analysis techniques 

Ion beam analysis techniques such as Rutherford back scattering (RBS) and time-of-flight 

elastic recoil detection analysis (ToF-ERDA) allow for elemental composition 

investigations of the samples by probing with ions. The ions have a large penetration 

depth of the film which allows acquiring elemental depth profiles, often throughout the 

thin film thickness down to the substrate [110]. In this work both of the above mentioned 

ion beam analysis techniques have been used. Their respective characteristics are outlined 

below. 
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5.4.1  Rutherford back scattering 

In RBS, light ions, typically 
4
He

+
, are accelerated to a specific energy, typically a few 

MeV, towards the sample [110]. Some ions from the incoming beam will be 

backscattered upon impact. When ions are recoiled from a sample atom, their remaining 

energy will depend only on the mass of the sample atom [111]. If the collision occurs at a 

certain depth below the sample surface, the ion would have first travelled through a 

portion of the specimen and lost some energy depending on the sample atomic species. 

Thus, by collecting the back scattered He-ions and determining their remaining energy, 

information on which atomic specie it recoiled against and at what depth the event 

occurred can be obtained, giving an elemental depth profile.  

The recorded data, typically plotted as back scattered events versus energy channel, is 

processed in a computer software allowing a least square fit to the experimental 

information. Taking into consideration the experimental setup and conditions, the surface 

density can be determined. From the surface density the film thickness can be calculated 

if the sample density is known, or, with known thickness of the coating, the film density 

can be determined [112]. 

 

Figure 10. RBS spectrum from an Al thin film on a Si substrate. The film is 

clearly contaminated, likely by Pb. The contamination appears more 

abundant at the film surface. The Si and Al peaks overlap, even though 

the Al is situated on top of the Si. This, since Al is a lighter element 

than Si. 

An example of an RBS spectrum is given in Figure 10, showing measured data and 

simulated results collected for an Al film deposited by magnetron sputtering on a Si 

substrate. The circles are experimental data and the solid lines represent the fitted 

simulated data. To the far right film contamination traces (~0.15%), likely being Pb, are 

visible. While the Al and Pb occupies the same layer, their corresponding peaks are 
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separated due to their mass difference, causing differences in back scattering yield for the 

two elements. The fact that Al is a lighter element than Si gives an overlap between their 

peaks even though the Al is deposited on top of the Si, explaining the peculiar spike in the 

interface. 

Due to the low back scattering yield for light elements, the sensitivity of the method is 

poor for low Z elements, but increases with increasing sample atomic mass, however with 

a loss in mass resolution [110]. The typical time to analyze a sample is in the order of a 

few 10’s of minutes, and the depth resolution is around 10-30 nm for up to ~1 µm film 

depths [110]. The above, along with the fact that the method does not need a standard for 

quantitative analysis, make RBS a very powerful and popular analysis method. RBS does 

not offer very good spatial resolution variations since the data is collected from a 

footprint of a few mm
2
 projected on the sample surface. Furthermore, if the substrate 

material element is heavier than any contaminations in the sample, their signal will be 

overlayered with the substrate signal, making reliable analysis difficult. In this work, RBS 

has been used to determine the density of various metallic thin films of previously 

determined thicknesses. 

5.4.2 Time-of-flight elastic recoil detection analysis 

Another ion beam analysis technique is ToF-ERDA. Unlike RBS, ToF-ERDA collects 

and analyses forward scattered sample atoms. The technique therefore often uses heavier 

ions, allowing detection of all elements lighter than the primary beam ion, including 

hydrogen, at almost two orders of magnitude lower detection limit as compared to RBS 

[110]. In this work, 
127

I
9+

 ions have been employed. The beam ions are also accelerated to 

higher energies (10-100 MeV). To collect forward scattered sample atoms also means that 

the incoming beam by necessity is oriented 5-45° to the sample surface [113]. This 

configuration permits depth resolutions of ~1-20 nm. On their way to the energy detector, 

the time for the ejected sample atoms to pass two thin foils at a well defined distance is 

recorded. With the energy and particle velocities known their mass can be determined. 

This allows the collected data to be resolved both for energy and mass and thereby 

avoiding any overlap of peaks as often found in RBS (cf. Figure 10 above). In the present 

work, ToF-ERDA has been used for calibrating reference samples for XPS measurements 

as well as determining the H contents in selected coatings. 
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5.5 Resistivity 

Thin film resistivity values are likely to differ from bulk values since the thin films 

exhibit grain boundaries, defects, and impurities all contributing to the total thin film 

resistivity. In order to determine the electrical properties of the thin films, the resistivity 

can be measured using four-point-probe measurements [3, p. 740]. Four probes, typically 

mounted in a line at fixed spacing, are contacting the film surface. As a constant current is 

fed through the outermost connectors, the voltage is measured between the two middle 

probes, see Figure 11. 

 

Figure 11. A four point probe measurement setup schematic. Any contribution of 

contact resistance is avoided using this setup. 

By using this setup, no current is drawn through the middle probes, and thus no contact 

resistance contribution from the probe-film junction is present in the measurement. The 

recorded value from the four-point-probe measurement is called sheet resistance, and the 

resistance value is obtained by multiplying the sheet resistance with the film thickness. 

The latter has to be determined separately. Thin films intended for resistivity 

measurements are often deposited on insulating substrates in order to isolate the film 

resistivity from influence of a conductive substrate. 

5.6 Nanoindentation 

Mechanical properties, such as hardness and elastic modulus, can be obtained from 

nanoindentation experiments [114]. An indent tip of specific geometry is pressed into the 

sample surface, causing plastic deformation of the film. The indentation depth and 

applied force is recorded throughout loading and unloading the tip, and plotted as so-

called load-displacement curves. From the maximum indentation load the hardness of the 

material can be determined, and though the appearance of the unloading curve the elastic 

modulus can be calculated. In order not to include the effect of the substrate when 

measuring on thin films and when using low indentation loads, the indentation depth 

should be shallow (~10% of the film thickness as a rule of thumb). The indent must 

however be allowed to be deep enough to plastically deform the sample. In the present 
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work, nanoindentation has been used to measure the hardness of nanocomposite TiC/a-

C:H thin films. 

5.7 Stylus profilometry 

To mechanically determine the surface profile of a thin film, stylus profilometry can be 

used. The method is fast, and exhibits high reproducibility. Moreover, it can be performed 

in atmosphere, and requires little sample preparation. A stylus, with the tip in contact with 

the film at a specific force is trailed over the surface. The stylus vertical position is 

recorded as a function of lateral position which corresponds to the surface profile. The 

vertical resolution is theoretically in the order of 1 Å [4, p. 576]. An interesting feature is 

that the upper measurement range limit of this type of instruments can be as large as 

1 mm [4]. This flexibility allows not only surface roughness to be measured, but also 

thickness of the entire thin film with good accuracy. By partially masking the substrate 

prior to deposition and thus only growing film on the unmasked region, the profilometer 

can measure the step height between the substrate and the film, once the mask has been 

removed. In this work the profilometer has been used for determining film thickness as 

well as surface roughness.  
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6. Summary of the appended papers 

It this section the two appended papers are summarised. Their affinity is through the film 

growth condition environment, rather than similarities in materials system or evaluation. 

As described in the previous chapters, it is necessary to take the deposition environment 

differences into account in order to be able to evaluate coatings and deposition 

techniques. All the studies presented here were performed under industrial or industrial-

like conditions. Practically this meant using high vacuum conditions and no deliberate 

substrate heating. 

 

Paper 1  

Previous studies have shown that films grown using HiPIMS appear denser than films 

grown by DCMS [30,31], and it is suggested that a higher ionic flux towards the substrate 

during film growth has a densifying effect on the film structure. Previous investigations 

have shown that a density increase of 6 to 30% can be obtained for films grown by 

HiPIMS as compared to films grown by DCMS [25,26]. A direct comparison of these 

results to find a general trend is however not possible due to the differences in 

experimental setup and coating materials used. In this study, densities were compared for 

films grown using DCMS and HiPIMS, and for eight different metallic materials under 

otherwise identical experimental conditions. The density values were calculated from data 

acquired from Rutherford back scattering, scanning electron microscopy, and 

profilometry. Under the deposition conditions used, a density increase of 5-15% was 

observed for films grown using HiPIMS compared to the DCMS films, as shown in 

Figure 12 a). A global plasma model was used to assess the ionisation fraction of 

sputtered species for the target materials, see Figure 12 b). Comparing results from 

plasma modelling and density showed that the materials predicted to have the highest 

degree of ionisation also exhibited the highest increase in density.  

 



36 

 

 

Figure 12. Densities of thin films of various material deposited by DCMS and 

HiPIMS (a), and degree of ionisation of the deposition flux (b) as 

assessed by a global plasma model. 

Thus, the present results are in agreement with previous reports, and support the 

suggestion that ion bombardment is a possible mechanism for coating densification. The 

study also confirmed the lower deposition rate of HiPIMS as compared to DCMS, 

although the loss was less pronounced compared to earlier studies. 

 

Paper 2  

The beneficial effects on coating properties when using HiPIMS in reactive sputtering of 

oxides and nitrides has been previously reported [25,46,47]. Additionally, for the case of 

oxide reactive processes, an increased stability when operating in the transition region 

between metallic and compound target modes is reported. Interestingly, for some oxide 

processes (ZrOx and ZnO) deposition rates exceeding those of DCMS have been found 

[32,47]. In Paper 2, TiC/a-C:H coatings were reactively deposited using DCMS and 

HiPIMS, with C2H2 as reactive gas. The film properties of coatings grown with the two 

techniques were studied using X-ray photoelectron spectroscopy, X-ray diffraction, 

scanning electron microscopy, resistivity, and nanoindentation. While both processes 

were found to be stable, the HiPIMS process showed a pronounced broadening of the 

transition region. This was reflected in the C/Ti ratio as a function of C2H2 flux, 

exhibiting an elongated plateau for C/Ti ≈ 1, see Figure 13.  
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Figure 13. C/Ti ratio as a function of reactive gas flow for films deposited using 

DCMS and HiPIMS techniques.  

In general, the DCMS grown films exhibited larger amounts of free carbon and 

contaminants, smaller grains, and a less dense microstructure. As a consequence of the 

differences in microstructural properties, the HiPIMS grown films exhibited higher 

hardness values as well as lower resistivity. The observed properties of the film grown 

using HiPIMS are proposed to be a consequence of the influence on film growth due to 

inherent properties of the HiPIMS process; a higher plasma density leads to increased 

ionisation of the deposition flux reaching the substrate, which can increase adatom 

diffusion and provide the energy needed for carbide formation, thus suppressing 

formation of free C. A denser microstructure consisting of larger TiC grains for the 

HiPIMS grown films was expected and confirmed. 
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7. Future work 

Numerous studies could be performed in this field. To narrow it down, I should like to 
focus on two main issues to be addressed in future work.  

The deposition rate of HiPIMS.  

 Can the deposition rate of HiPIMS be increased by combining DCMS and 
HiPIMS in a single cathode? Will the film properties still benefit from the 
HiPIMS component, and how large a fraction of power delivered by HiPIMS is 
required? 

 The reports from many research groups on deposition rates of HiPIMS are not in 
full agreement. It is well known that HiPIMS introduces several new parameters 
to consider in the process. Furthermore, the influence on deposition rate and film 
properties by some parameters is not fully understood, and the influence of co-
varying parameters is poorly investigated. Perhaps there is a set of parameters 
where the lost deposition rate is less pronounced. By using statistical design of 
experiments this can be investigated, while keeping the required number of 
experiments reasonably low. 

Fundamental studies of HiPIMS under industrial conditions. 

 HiPIMS is often compared to DCMS, and comparing it to other ionised-PVD 
technique, such as arc evaporation, requires the capability to deposit the films in 
the same deposition system. Since the capabilities are available at Impact 
Coatings, it would be very interesting to perform a wide study comparing the 
properties of coatings deposited by DCMS, HiPIMS, and arc evaporation side by 
side. 

 The capability of HiPIMS to coat surfaces that are not facing the deposition 
source has been demonstrated. Therefore, it would be interesting to perform 
studies on coating properties in demanding applications, such as protective 
coating of patterned surfaces, where magnetron sputtering sometimes delivers 
unsatisfactory results. 

 

Moreover, several projects with Impact Coatings offer excellent opportunities for 
scientific studies on real applications, but can unfortunately not be discussed in detail 
here. 
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