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Abstract 

High power impulse magnetron sputtering (HiPIMS) has been in the center of attention over the last 

years as it is an emerging physical vapor deposition (PVD) technology that combines advantages of 

magnetron sputtering with various forms of energetic deposition of films such as ion plating and 

cathodic arc plasma deposition.  It should not come at a surprise that many extension and variations of 

HiPIMS make use, intentionally or unintentionally, of previously discovered approaches to film 

processing such as substrate surface preparation by metal ion sputtering and phased biasing for film 

texture and stress control.  Therefore, in this review, an overview is given on some historical 

developments and features of cathodic arc and HiPIMS plasmas, showing commonalities and 

differences.  To limit the scope, emphasis is put on plasma properties, as opposed to surveying the vast 

literature on specific film materials and their properties. 

 

1. Introduction 

Thin film deposition from the plasma phase, as opposed to from the neutral vapor phase, has 

been practiced for many decades.  The presence of ions offers improved control of the film-substrate 

interface and the microstructure of films, where “improved” is the context of conventional physical 

vapor deposition (PVD) based on evaporation and sputtering.  To limit the scope, this review focuses on 

(pulsed) cathodic arcs and high power impulse magnetron sputtering (HiPIMS), also known as high 

power pulsed magnetron sputtering (HPPMS) and under other names.  The review will include pulsed 

sputtering with moderate amplitude, and bursts of pulses.  We will see that some of the conceptual 

ideas in the cathodic arc and HiPIMS worlds are quite similar, and sometimes re-invented, while 

cathodic arc and HiPIMS also show very distinct differences.  The motivation for this review is to provide 

a broader view at both technologies, their history, and their underlying physical mechanisms.   

Cathodic arc and HiPIMS technologies are developed to supply ions that can assist in film 

formation as well as become incorporated in the growing film.  Film synthesis from the plasma phase is 

sometimes called energetic condensation [1-8] or energetic deposition [9-13] – generally with the same 

meaning (and here interchangeably used), namely that plasma ions produce a film or coating, with each 

ion bringing significant kinetic and potential energies to the film growth process.  The range of kinetic 

particle energies includes tens or even hundreds of electron-volts, which often exceed the displacement 

energy of atoms near the surface.  The concepts of sticking probability and adsorption-desorption 

kinetics need to be re-examined since arriving ions may come to rest below the surface.  As they remain 

with the substrate or growing film, their sticking probability can be considered unity, however, surface 

atoms may be knocked off in the process (desorption, sputtering).  The energy of ions is largely 

controlled by the difference of plasma potential and substrate surface potential.  The latter is most 

often determined by an intentionally applied bias voltage – a main parameter in energetic deposition.  

Besides kinetic energy, one should not neglect the potential energy that is also brought to the surface 

leading to atomic scale heating by both kinetic and potential energies [14].  The contribution of the 

ionization energy (from about 6 eV to 10s of eV, depending on the type and charge state of the ion) is 
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large compared to energies needed for atoms to overcome diffusion and step barriers (they are of the 

order 0.1 eV) [15-17].   

The review will start by very briefly looking at the historic development.  We will then consider 

the physics of plasma formation in cathodic arcs and HiPIMS.  While it is inevitable that one has to 

mention operation in dc (direct current / continuous) for both cathodic arcs and magnetron sputtering, 

emphasis is put on pulsed arcs in order appropriately compare the process with HiPIMS, a pulsed 

process of high power density.  The considerations are then extended to variations such as modulated 

pulsed power (MPP) and burst processing. A compilation is given in tabular form at the end.   

 

2. A brief look at some early work 

Very early coatings by arcs and sputtering can be found in the 18th and 19th century [18-22], 

respectively, though the wide-spread industrial deposition of films using plasmas started in the second 

half of the 20th century.  Several patents were granted in 1939-1942 to Bernhard Berghaus, Wilhelm 

Burkard and Rudolf Reinecke [23-25] for what we call today ion plating.  They feature plasma production 

and substrate biasing (Fig. 1). 

(FIGURE 1) 

Besides the effects of ions on film microstructure, the inventors also claim that plasma 

pretreatment, with the substrate negatively biased, has advantages in terms of adhesion — today 

sometimes called “(reactive) sputter cleaning” or “ion etching”.  It is interesting to read this in their own 

words: “The layers which are vaporised, especially on metallic articles, according to known methods, 

show very bad adhesion, and when the layers are very thick they show a porous and powder-like 

structure also on non-metallic articles. The following advantages are attained by the present invention. 

The glow discharge, with the article acting as a cathode, ensures reliable adhesion and the metallic 

deposit is so built up that it shows even with thicker layers, a perfect structure and adhering strength. It 

is especially advantageous if, before the vaporization of the material, the article, if metallic, is treated for 

a certain period of time by the discharge in a reducing atmosphere. With such a treatment all the 

impurities, such as oxides, traces of fat etc., are completely removed and, any coating will firmly adhere 

on the surface.“ [24]   

As a source of condensable material, they describe vapor ionized by an electron beam, and 

sputtered atoms and ions (sputtering at that time was often called “cathode disintegration”).  For 

example, in the patent granted in 1942, we find “This invention relates to a method of coating metal 

articles by cathode disintegration and it consists mainly in that the article is continuously or 

intermittently connected up as a cathode before or during the disintegration. The invention makes it 

possible to provide metallic articles with layers of any desired thickness, with perfect texture and great 

adhesion”. [25]  Texture and adhesion were then, and remain today, important topics of film deposition.  

The effect of ion bombardment was early recognized.  For example, Ditchburn [26], in 1933, relates 

improved adhesion of films to a “cleaning effect of positive ions” in experiments on sputtering.  In these 

works [23-26] we already find the key ingredients for energetic deposition: film-forming (“condensable”) 

ions and bias to control the energetics of ions. The option to use pulsed or discontinuous bias is already 

mentioned.  Already in these early systems, the condensable (metal) atoms were ionized by electron 
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impact ionization [27-29] in the volume between electrodes of a dedicated auxiliary discharge, usually a 

thermionic arc [30, 31], i.e. a high-current low-voltage discharge using electrons from a hot cathode.  

The plasma density primarily depends power, for thermionic arcs mostly determined by discharge 

current, and is typically in the range 1017-1018 m-3.   

In the 1960s, unaware of the early work, Mattox (re-)invented ion plating [32, 33].  Fig. 2 shows 

his principal apparatus, with the plasma formed by ionizing vapor and gas using electrons from a 

thermionic (hot) cathode.  Ion plating developed rapidly in the 1960s and ‘70s, as evidenced by much 

patent activity for coating [34, 35] and cleaning by ion bombardment [36].   

(FIGURE 2) 

At about the same time, cathodic arc deposition was developed in the Soviet Union from a 

getter pump application to an industrial coating process.  In contrast to thermionic arcs, the plasma 

formation processes in cathodic arcs are concentrated in very small, mobile cathode spots, as explained 

in greater detail in section 3.  The cathodic arc process was originally developed to produce TiN for 

decorative and corrosion-protection applications as well as for hard coatings on cutting tools, though 

also metal and oxide films were made.  This development was kept secret and only years later became 

public [37, 38].  The economic opportunities of cathodic arc coating were also realized in the United 

States, e.g., by Lucas [39].  Snaper obtained an important (influential) patent for a cathodic arc source in 

1971 [40].  Both ion plating and cathodic arc deposition use plasmas to produce films and therefore are 

directly related to the subject of the review.  However, they are continuous processes and therefore 

beyond the narrower scope of this review.   

Pulsed arc systems were developed only for selected applications, such as the deposition of 

tetrahedral amorphous carbon [41].  Pulsed arcs can produce plasma from small cathodes, limiting and 

defining the region of plasma production.  Besides, pulsed arcs produce less macroparticles than 

continuous, direct current (dc) arc systems [42].  Pulsed arcs could be easily combined with pulsed 

biasing, leading to new options of interface tailoring via intermixing and ion peening [43, 44].  

Looking at sputtering, which is explained e.g. in refs. [45, 46] and further discussed in section 4, 

one realizes that all the very early work [19, 20, 22] was done in pulsed mode as continuous power 

supplies were not yet available.  The necessary high voltage was obtained from low-voltage primary 

electrochemical cells in conjunction with Ruhmkorff induction coils [47] (self-interrupting step-up 

transformers).  A huge step towards industrial use of sputter-deposition was done when a magnetic field 

was added such as the confine electrons and produce a closed drift path, as originally pioneered by 

Penning [48], and much advanced later by Chapin [49, 50], Clarke [51], Penfold and Thornton [52, 53].  

Penfold [54] provided an interesting perspective of the early magnetron development and its legal 

battles, and Mattox offers a larger perspective in the context of the history of vacuum coatings 

technology [55]. 

Mid-frequency (100-350 kHz) pulsing of magnetrons became very popular in the 1990s as 

unwanted arcing was suppressed and the sputtering process could be scaled to very large areas with 

high deposition rate [56].  Even when high power was used for large areas, sputtered atoms are neutral 

atoms, not ions.  A step towards plasma-assisted growth of films was done by using magnetically 

unbalanced magnetrons [57], where the plasma is used not only to facilitate sputtering but it is 

magnetically guided to the substrate location to assist film growth.  The plasma can be guided via an 
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unbalanced “closed” configuration e.g. by placing other magnetrons in the deposition system.  A historic 

and scientific account of this development can be found in the review by Matthews [58]. 

Attempts to ionize sputtered atoms lead to the development of ionized sputtering, or ionized 

physical vapor deposition (i-PVD) [59], where an auxiliary radio-frequency (rf) discharge was added to 

the magnetron discharge [60-62].   

For selected target materials with very high sputtering yield and/or vapor pressure (like Cu, Ag, 

Bi, Zn), high power operation of a magnetron can readily lead to ionization of the sputtered atoms, and 

the newly formed metal ions can at least in part take over the function of the sputtering gas (often 

argon): this is called self-sputtering and subject of research for several decades [63-66].  In the early 

implementations, non-planar (e.g. hollow cathode, cylindrical) magnetrons were used as confinement of 

energetic electrons can be achieved easily in such geometries.  This approach was especially important 

for metallization applications in the semiconductor industry [67].  

To push sputtering power even higher, thereby enabling ionization of practically all kinds of 

target atoms, the power must be supplied in pulses to avoid overheating, magnet damage, and/or target 

melting.  A general concept in pulsed power technology is that very high pulse power (e.g. MW) can be 

reached with rather conventional average power (e.g. kW) when the pulse duty cycle ( )on on offt t tδ = +  

is kept much smaller than unity.  For example, “superdense” pulsed hollow-cathode discharges were 

investigated by Abramovich and coworkers in the 1960s [68], and high current (up to 3 kA) pulsed glow 

discharges were developed as black body light sources for spectroscopy by Malkin and coworkers in the 

early 1970s [69, 70].  In the late 1980s, Oks and co-workers developed a 15 μs pulsed cylindrical 
magnetron discharge as a source of electrons, with the E× B  discharge reaching 1 kA [71, 72]. Another 

relevant development from the 1980s and ‘90s are so-called pseudospark discharges [73] operating 

without arc spots at low pressure (< 1 mTorr), short pulses (~ 1 μs) and very high currents (up to 100 kA), 

which has been associated with self-sputtering [74].   

In the context of pulsed sputter deposition, application of pulsed power technology leads to 

high power pulsed magnetron sputtering (HPPMS).  To imply very high power and very low duty cycle, 

the word “impulse” can be used [75-77], leading to high power impulse magnetrons sputtering (HIPIMS, 

or recently more frequently HiPIMS).  The word “impulse” is quite common in the Russian literature [70] 

and occasionally also used for pulsed arcs [78].   

Earlier developments in Russia in the 1990s [79, 80] demonstrated pulsed high power 

magnetron discharges achieving a high degree of ionization, high ion fluxes, and very high deposition 

rates, e.g. for Cu and Ti.  Bugaev and coworkers [80] used an assisting discharge, and specifically a 

thermionic arc discharge, to help establishing high power pulses without transition to the cathodic arc 

mode.   

An important publication on HPPMS or HiPIMS by Kouznetsov and coworkers [81] appeared in 

1999.  While not the first publication in this field, it can be considered seminal as the concept of 

ionization of sputtered target atoms was clearly demonstrated with a conventional planar magnetron 

operated at common average power and without any assisting discharge.  High metal ion fluxes and a 

high degree of ionization obtained this way were soon confirmed by other groups [82-87]. 

3. Cathodic arc plasma production, with emphasis on pulsed arcs 
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Pulsed cathodic arc discharges are cold-cathode arc discharges [1, 88] of very limited duration, 

often 100s of μs, or even shorter.  The basic plasma-formation processes occur at cathode spots [89]: 

small areas (~ 10-14-10-10 m2) of very high current density (~1010-1012 A/m2) and related high power 

density (~1011-1014 W/m2), where the cathode surface material is extremely rapidly transformed from 

solid to plasma [90] due to the combined action of ion bombardment and Joule (Ohmic) heating.  

Plasma parameters (and related information) of cathodic arcs are listed in Table 1 for comparison with 

other processes.  The condition for discharge ignition and plasma formation are briefly explained later in 

this section.   

Plasma formed at small, mobile cathode spots consists of cathode material, and a process gas 

does not need to be present.  However, argon gas has been found to promote discharge stability, and 

reactive gas is needed when the goal is to deposit compound films.  In the absence of any gas one 

speaks of vacuum arcs [88, 91].  The rapid repeated initiation of cathode spot is closely associated with 

the presence of a very high electric field at the cathode surface, which can be readily achieved despite 

the low total voltage between cathode and anode (~ 20 V) because most of the voltage drops in a very 

thin space charge layer (sheath) adjacent to the cathode (also known as the cathode fall).  The actual 

magnitude of the electric surface field is greatly affected by geometrical features such as microscopic 

protrusions [92] or cracks [93], as well as by non-metal features such as adsorbates, oxide layers, and 

dust particles [94].   

Depending on the surface condition, metallic-clean versus covered with a non-metallic layer or 

contamination, one can find two different types of arc spots and erosion traces [89, 95].  In the clean 

surface case, arc spots are relatively bright, move relatively slowly, make large erosion craters (μm), and 

produce large (μm) macroparticles.  In contrast, cathodes with a non-metallic overlayer generate spots 

that move fast, with small, shallow, disconnected erosion craters and produce small macroparticles.  As 

the action of the arc removes cathode material, thereby cleaning the cathode, spot types can change 

during the discharge.  A good way of remembering the conventional numbering of spot types is that the 

arc could start on a non-treated, contaminated surface with spot type 1 (the one with small, fast moving 

spots), and continues to operate on a cleaned cathode with spot type 2 (the one with large, bright, slow 

moving spots).  For many practical applications, where compound films are needed, one adds a reactive 

gas into the deposition chamber to intentionally “poison” the cathode, i.e. to form a compound layer 

and thereby letting the arc burn with type 1 cathode spots.  While the deposition rate is reduced in the 

“poisoned” mode, it is still high enough to be economical.  In contrast to magnetron sputtering, the 

process window for reactive deposition is wide and one can obtain stoichiometric compound films with 

reasonable effort in reactive gas process control.  This is especially true for pulsed arc operation, when 

there is plenty of time between pulses for the reactive gas to react with atoms on the surface of the 

cathode and the surface of the substrate.  

The detailed processes of plasma formation in cathode spots are complicated as there are 

strong gradients for practically all physical parameters.  Plasma formation is closely related to the 

electron emission mechanism, which is thermally unstable thermo-field emission [96, 97], a locally 

concentrated, non-linear superposition of field emission [98, 99] and thermionic emission [100].  This is 

also known as explosive emission [101], and the arc spot may be considered as a sequence of rapid 

microscopic explosions [92, 102].  A concept for highly localized phase transition of the cathode material 

from solid to plasma is thermal runaway: the electron-emitting site usually starts where the electric 

6 
 



surface field is very high, i.e. at locations of electric field enhancement due to various reasons (e.g. 

geometric: protrusions, cracks; or textural: grain boundaries; or chemical: dust inclusion).  The emitting 

site is heated by ion bombardment as well as by Joule heating in the solid as electrons are supplied to 

the emitting site.  As the site gets hotter, electron emission increases in a highly non-linear fashion as 

field emission is synergistically amplified by thermionic contribution until emission cooling and heat 

conduction terminate this process [1, 89, 103].   

The current density at cathode spots is central to any model of cathode spot operation and was 

therefore the subject of many investigations.  Today there is consensus that the current density is a 

fluctuating (fractal, see below) quantity that can be as high as 1012 A/m2.[89, 104].  The associated power 

density can be obtained by considering the voltage drop in this region, which is of order 10 V [105, 106], 

hence the power density is also variable up to 1013 W/m2.  This is comparable with power densities used 

in laser plasma ablation, and it should not be surprising that pulsed laser ablation plasmas can be similar 

to cathodic arc plasmas [107].   

The cathodic arc inherently emits plasma of the cathode material as well as infamous 

“macroparticles”, i.e. microscopic hot cathode debris particulates or droplets [108, 109] which are easily 

visible when the cathode is graphite or a refractory metal (Fig. 3).   

(FIGURE 3) 

The physics of cathode processes, plasma properties, and features of macroparticles are 

summarized and reviewed in chapter 3 of [1].  As a result of microscopic explosions, the cathode is 

eroded in small portions, the traces of which are visible in electron micrographs as microscopic craters 

(Fig. 4).   

(FIGURE 4) 

The size distributions of craters and macroparticles are related and given by power laws [108, 

110].  Many other parameters such as the voltage “noise” distribution [111], which can be determined 

by Fast Fourier Transform (FFT) of the arc burning voltage, also show power law distributions [112, 113].  

In the fields of chaos and self-organization it is well known that power laws [114] 

 ( ) b
f x a x=   (1) 

are the “fingerprints” of fractals or self-similar objects because they are invariant to a change of scale (a 

power law remains a power law upon multiplication).  It has been argued that cathodic arcs fractals 

showing self-similarity [115] at different length and time scales down to the physical cutoffs [110].  The 

physical cutoffs are determined by the smallest explosion that can be produced, which Mesyats called 

“ecton” [116, 117].  In practical terms, the cutoff of self-similarity is expected in nanoseconds in time 

and 10 nm in length.  The time cutoff is derived by the observation of smoothing of a surface, rather 

than crater formation, when the discharge pulse duration is less than 5 ns [94].  The lower limit of the 

length scale is found from the smallest macroparticles and crater sizes [118, 119].   

The ignition of cathode spots has much in common with high voltage electrical breakdown [92, 

120].  Both are based on high electrical field strength on the surface.  In the case of an arc that is already 

operating, the field strength can be as high as the ones seen for high voltage breakdown because the 

length scale for the cathode fall is small (< 1 μm).  At this scale, local features, geometric and/or 

composition and texture, are important.  Furthermore, the action of the field and the plasma change the 

local surface conditions.  An extreme example is the flow of metal via electromigration (Fig. 5) [121].   
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(FIGURE 5) 

Microscopic explosions provide transient plasma, with the initial plasma density close to the 

solid state density of the cathode.  As it is typical for point-like sources, the density drops with 2
d

− , 

where d  is the distance from the center of the explosion.  As long as the approximation of a point 

source is good, i.e. for arcs of relatively low current with one spot, the plasma density can be estimated 

by 

 
2

cosarc
I

n C
d

a ϑ= , (2) 

where arcI  is the arc current, the cosine factor describes a Lambertian distribution, with the angle ϑ  

measured relative to the cathode normal; the exponent a  is of order 1 and describes the pointiness of 

the Lambertian shape, and C  is a constant determined by the material-specific erosion (for copper 
13 -1 -110  A  mC ≈  [89, 122]).  Ivanov and colleagues showed that the electron density indeed drops like 

2
d

−  [122], which implies that the plasma composition, i.e. the ion charge state distribution, remains 

almost unchanged or “frozen” during expansion [123].  It is quite common for rapidly expanding gases 

and plasmas to drift into non-equilibrium as the rate of collisions between particles rapidly drops.  

Conversely, at very high density, the collision rate is high and the system can be close to equilibrium.  

The ionization equilibrium is given by a system of ionization and recombination rate equations, the Saha 

equations [124].  In [125] it was assumed that Saha ionization equilibrium can be applied to the plasma 

of cathode spots, while the expanded plasma far from the spot center is in a non-equilibrium, frozen 

state.  Ion charge state measurements far from the cathode spot can then be used to determine the 

plasma conditions in the transition region between equilibrium and non-equilibrium, which was 

determined to be about 100 μm from cathode spot center [123].  In particular, the cathode material-

dependent electron temperature could be determined, which is in the range from 1.5 eV to 4.5 eV for 

type 2 spots on pure metal cathodes [125].   

Later measurements of the ion charge state distributions as a function of distance [126, 127] 

showed that they are not as really “frozen” as assumed, rather, charge exchange collisions [128] of ions 

with neutrals lead to a gradual shift from higher charge states to singly ionized ions.  Therefore, the 

charge states and related electron temperatures in and near cathode spots are even higher than 

tabulated in [125]. 

The high kinetic energies of ions are another striking feature, which is especially relevant for the 

deposition of films from cathodic arc plasma.  The energies are generally in the range from about 20 eV 

(for carbon) to about 120 eV (for refractory metals like W) [129], where the energy distribution shows 

generally one broad peak [130, 131].  Ion acceleration occurs close to the cathode spot, in the region 

where ionization is prevalent and close to equilibrium.  It is generally assumed that the very strong 

gradients in electron and ion pressure are the main forces for acceleration [132].  As electrons cannot 

expand freely due to Coulomb forces between electrons and ions, acceleration is a collective 

phenomenon [132].   

Phase transitions require material-specific energies.  The energy input to the discharge is 

determined by the power dissipation, i.e. the product of the current and the voltage drop between 

anode and cathode, which primarily happens in the cathode sheath.  An semi-empirical energy rule can 
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be formulated, where the properties of cathodic arc plasma are related to the voltage drop V  in the 

cathode layer, which is correlated to the strength of the bonding of cathode atoms as expressed by the 

cohesive energy CEE .  The rule is therefore called the Cohesive Energy Rule [113, 133] and can be 

written as  

 0 CE
V V a E= + , (3) 

with 0 14.3 VV ≈  and 1.69 (eV/atom)a V= .  The numerical values were derived from measurements of 

pulsed arcs (150 μs after arc pulse start) with currents of the order of 100 A and may vary somewhat 

when conditions are different.  There are secondary (derived) rules related to arc parameters, like the 

average ion charge state and ion kinetic energy (Fig. 6).   

(FIGURE 6) 

Many fundamental studies of arc operation have been done in vacuum in order to keep the 

system as simple and as reproducible as possible.  However, the majority of cathodic arc coating 

applications are done in a low-pressure background gas: argon is commonly added as the arc tends to 

burn in a more stable manner, and reactive gas is added to obtain compound films.  Therefore, it is very 

appropriate to study arc processes in gases.  Figure 7 shows one of those studies.  Here, the ion energy 

distributions were measured as a function of the product of pressure and distance from the cathode 

because both parameters affect the mean free path.  One can see that, starting from the energy 

distribution in vacuum, ions of the energetic peak are increasingly thermalized by losing energy to the 

background gas.  In the extreme case, at large pd products, only thermalized ions are left.  

Thermalization goes along with the loss of the higher ion charge states as they are stepwise reduced by 

charge exchange collisions, which initially may occur with neutral argon atoms (provided the energy and 

momentum balances work out) 

 
( 1)  for  n 3n n

M Ar M Ar
+ − + ++ → + ≥   (4) 

and also with neutral cathode atoms as they become available [127]: 

 
( 1)   for 2n n

M M M M n
+ − + ++ → + ≥   (5) 

(FIGURE 7) 

For high current pulsed arcs, e.g. with currents of 1 kA and higher, several (many) cathode spots 

are simultaneously emitting plasma.  The density formula for a point source, Eq. (2), is no longer valid, 

rather, we deal with a superposition of point emitters.  The high current also generates a magnetic field 

that affects the direction of subsequent spot emission (apparent motion of cathode spots) and the 

expansion of plasma.  Fast camera images of pulsed high current arcs show a growing ring of cathode 

spots [42].  In time-integrating, open-shutter photographs the spots appear like a fractal star pattern 

(Fig. 8).  The magnetic field caused by the current filaments from neighboring cathode spots affects the 

spot motion as well as the plasma transport from the cathode.   

(FIGURE 8) 

This apparent repelling of cathode spots has been used to develop a pulsed high current arc 

source with a central trigger.  The pulse length is tuned in such a way that the pulse terminates when 

the arc spots reach the rim of the cathode disk or rod [42].  For greater convenience, flexibility and 

reliability, triggering can be done with a pulsed laser: the “laser arc” deposition is primarily a high 
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current pulsed arc, where the laser plasma plume is not used for coating but for initiating and timing the 

pulsed arcs [134].  Triggering can also be done electrically, either with a surface flashover trigger [135], 

or via forming a hot spot through a coating.  In the latter case, no dedicated trigger electrode is needed, 

hence it was called “triggerless” arc initiation [136].   

While many studies have been done with elemental cathodes, any material can be used as an 

arc cathode as long as it is sufficiently conducting.  For example, some arc studies focused on alloy or 

sintered cathodes due to their relevance for multicomponent coatings [17, 137, 138], also an important 

topic for the HiPIMS counterpart development discussed in the next section.   

 

4. Pulsed plasma production by HiPIMS 

It has been a long standing goal to combine magnetron sputtering with ion assistance to film 

growth.  After the already-mentioned approach of i-PVD, adding an auxiliary RF-discharge to a 

magnetron [59, 139], very significant ionization of sputtered atoms was demonstrated high power 

pulses [81, 140].  HiPIMS requires high currents, usually 10s to 100s of amperes, and is therefore 

practiced with conducting (usually metal) targets (not unlike a cathodic arc!).   

All metal atoms have significantly lower first ionization energy than noble gases [28] (typical 

example: Cu atoms require 7.73 eV to become ionized, while argon needs 15.76 eV).  Therefore, metal 

atoms are more readily ionized in the magnetron plasma than noble gases, provided they did not travel 

too fast from the target surface through the discharge plasma.  Once ionized, the newly formed metal 

ion is subject to acceleration by the local electric field, in this case the electric field of the magnetic 

presheath [141].  This electric field, the derivative of the plasma potential, is directed towards the 

target. This statement is true in a time-averaged sense but locally it varies in a transient manner, as 

explained later.  The plasma potential has be measured with a (pulse-heated) electron-emitting probe 

[142], except in the region close to the racetrack because the presence of a probe disturbs the 

discharge.  Fig. 9 shows the time-averaged potential distribution [143]: the funnel shape of the potential 

is related to the structure of the magnetic field that captures electrons and causes the well-known E x B 

drift (where E and B are the electric and magnetic field vectors, respectively).   

(FIGURE 9) 

There is ample literature on sputtering in general, e.g. [45, 144, 145], and therefore here we can 

focus on HiPIMS and the fact that ionization is not uniformly distributed.  Power dissipation is non-

uniform in several respects; however, many equipment brochures and technical reports simply mention 

“power density”.  This is generally a nominal power density defined as the power (= voltage * current) 

divided by the target area.  While the nominal power density is a helpful value to get oriented, it 

substantially underestimates the physically relevant power density.  First, most plasma is generated over 

the racetrack, and not over the entire target area (hence a linear power density, expressed in W/m, 

could be alternate useful quantity).  Second, the plasma over the racetrack is bunched in moving 

ionization zones [146-148], also known as spokes [149, 150] in analogy to observations made with 

plasma thrusters [151, 152].  Such spokes, or ionization zones are known for decades [153] and 

characteristic for all kinds of E x B devices, not just sputtering magnetrons.  Yet, only recently they were 
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appreciated to determine ionization and transport physics in the context of HiPIMS.  This will be closer 

examined later in this review. 

Important features of HiPIMS plasma production include sputtering by ionized sputtered atoms, 

i.e. self-sputtering [64-66], which can run away to very high levels if the power supply is capable of 

delivering the necessary current at the required sputtering discharge voltage [154].  The most clear 

demonstration of self-sputtering is achieved when eliminating the process gas altogether, which can be 

done by turning off the gas supply after starting the discharge [155, 156], or by choosing operation in 

high vacuum and starting HiPIMS pulses by a small “puff” of plasma from a short-pulse cathodic arc 

source [157, 158].   

Sustained self-sputtering without process gas is only possible for materials with very high self-

sputtering yield.  In other words, most target materials cannot be run in a pure self-sputtering mode: 

one needs a process gas like argon to operate the magnetron.  Somewhat surprisingly, runaway to high 

currents can be observed for all materials, even for carbon (graphite), a material of very low self-

sputtering yield.  It is believed that the repeated supply of gas neutrals contributes to high current 

levels. Gas ions that are not bonded in the growing film, like noble gas atoms, return to the pre-target 

region as neutrals, where they can be again ionized.  The cycle of ionization and neutralization can 

repeat often, as can the process of sputtering, ionization, and return to the target.  This is schematically 

shown in Fig. 10 [159].  

(FIGURE 10) 

The probability of an ionizing collision depends on the density of neutral atoms to be ionized 

and the relative velocity u of the electron with respect to the atom.  The mean-free-path of an electron 

between ionizing collisions, eλ , is given by [160-162]  

 
1

e a ea

a

nλ σ
−

 
=   
 
∑ . (6) 

where a
n  is the atom density and the summation is over all types of atoms, and ( )ea uσ  is the cross 

section for ionization [28] (the index “e” is for electrons and “a” for atoms).  More general, one can 

consider ( )ea uσ  as the total cross section for all kinds of electron-atom interaction and then obtains the 

general mean free path of an electron. The mean time between collisions is e e uτ λ= , and the mean 

collisions frequency is the inverse, 

 1
e a ea

e a

u
n uτ σ

λ
− = =∑ . (7) 

Since we do not have a single velocity but a velocity distribution, one averages over the distribution 

function, ( )e
f u , and expresses the collision frequency as 

 e a ea

a

n un σ=∑ . (8) 

with  
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as a rate of collisions.  From (8) and (9) we see that the ionization frequency is proportional to the atom 

density and the weighted product ( ) ( )ea e
u u f uσ , i.e., we need electrons with an energy where the 

ionization cross section is large.  For most atoms, the maximum of the ionization cross section is in the 

region 50-100 eV, i.e. the discharge is most effective when electrons are given at least the ionization 

energy of atoms, and preferably several 10s of eV.  Very energetic electrons, with hundreds or 

thousands of eV, are not effective unless they are trapped via geometric means (like opposing sheath of 

a hollow cathode), or via a closed drift facilitated by a magnetic field, like done in a magnetron [52]. 

This leads to the conventional Penning-Thornton paradigm of electron heating and plasma 

generation [52, 163]: it is generally assumed that the secondary electrons are the main energy source 

because they gain energy from the sheath adjacent to the target (cathode) and are then capable of 

producing many electron-ion pairs in ionizing collisions.  Thornton [52] formulated a condition for the 

minimum voltage required to maintain the discharge, which in its simplest form can be written as 

 
,

discharge

,

i eff

SE eff

E
V

g
≥   (10) 

,i effE  is the effective energy cost for the average ion–electron pair created, and ,SE effg  is the effective 

secondary electron emission yield.  The effective yield is smaller than the commonly tabulated values of 

the secondary emission yield SEg  because emitted electrons are likely recaptured by the cathode 

(target) due to the curved electron trajectory in the magnetic field.  The emission formula needs to 

include the escape probability 
escapep , which is complementary to the recapture probability 

recapp , i.e. 

1escape recapp p= − , and ,SE eff escape SEpg g= .  The local current density for secondary electron emission is 

thus 

 
SE escape SE ij p jg=   (11) 

where ij  is the local current density of ions arriving at the target.   

The issue of very low secondary electron emission is aggravated when singly charged metal ions 

replace the noble gas ions during each HiPIMS pulse [164].  The yield for singly charged metal ions is 

zero based on Baragiola’s empirical yield formula for clean metal targets [165] 

 
( )0.032 0.78 2      for  2

0                                            else

pot pot

SE

E Ef f
g

 − >= 


. (12) 

where 
potE  is the potential energy of the impacting ion (ionization energy, e.g. 6.82 eV for Ti+), and f  is 

the work function (e.g. 4.3 eV for Ti).  The discharge must therefore find other ways to provide energetic 

electrons capable of causing ionizing collisions, or it becomes unstable and extinguishes.  Possible 

energy supply mechanisms include the generation of doubly and higher charged ions [164], 

photoemission, or heating by a mechanism other than Penning-Thornton.  Such other mechanism was 

recently presented by Huo et al. [166]: they argued that the voltage drop in the magnetic presheath can 
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lead to a very significant energy dissipation and electron heating.  Even as that voltage drop is much 

smaller than the voltage drop in the sheath, the flux of electrons (i.e., the electron current) is much 

greater in the presheath, and hence the presheath heating effect can be comparable or even greater 

than the conventionally assumed mechanism.  Measurements of the electron distribution function, at a 

distance of 10 cm from target, do not show any high energy electrons but a two-peaked distribution 

with the both peaks near 1 eV [167], indicative for heated and thermalized electrons.   

Taking this line of thought one step further, one should have a closer look at the potential 

structure in the presheath, and take into account the many spatial and temporal variations [147, 148, 

168, 169].  As shown in Eq. (8), the ionization events are directly proportional to density of atoms to be 

ionized, and to the density of energetic electrons.  Spectroscopic imaging with high time resolution 

revealed that the ionization events tend to be localized in ionization zones.  Spectroscopic images (Fig. 

11) showed that the higher the ionization energy and the higher the level of excitation the more 

localized is the light emission, which is indicative for the rate of excitation and ionization [170].   

(FIGURE 11) 

The transition between dense and less-dense plasmas is characterized by an electric double 

layer [171].  This lead Brenning and coworkers [149] to suggest that the ionization zone could be the 

location of a potential step.  To be consistent, the potential changes along the racetrack direction need 

to cancel when considering that the drift path over the racetrack is closed, as the electrons arrive at 

about the same position when drifting all around the target.  From that one may deduce that the 

potential changes associated with each ionization zone, taken along the coordinate ξ  in the direction of 

the racetrack, must approximately vanish [169], i.e., 

 
( )

0
end
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V
d

ξ

ξ

ξ
ξ

ξ
∂

≈
∂∫ , (13) 

where startξ  and endξ  are the start and end coordinates of the ionization zone in the ξ -direction.  In 

other words, the ionization zone represents a potential hill which is enclosed by an electric double layer 

[169].  Considering a path in the ξ -direction at a certain distance z  from the target, the potential hill 

appears enclosed by double layers whose potential steps cancel (Fig. 12).   

(FIGURE 12) 

There are many consequences from the assumption of the potential hump associated with an 

ionization zone:  

• Ions leaving the potential hump are accelerated in all directions: (i) if generated close to the 

target, they will be accelerated to the target and cause sputtering; (ii) if generated relatively far 

from the target, they get accelerated to the substrate and contribute to the high-energy non-

Thompson part of the ion energy distribution function (IEDF) (Fig. 13) [172].  The clear non-

Thompson part of the IEDF is universally observed, including for HiPIMS discharges of short 

duration [173]. 

• Ions generated on the upstream part of the potential hump can “surf” this potential wave and 

gain more energy than the ions generated on the downstream part of the hump.  As a result, 

ions are accelerated sideways, and preferentially in the direction of the hump motion, i.e. in the 

E× B  direction [174] (Fig. 14).  Ionizing collisions occur at various distances from the target.  
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The distributions shown in Fig. 14 suggest that argon ions are likely to be produced at a greater 

distance from the target than metal ions because they show less the effects of moving potential 

humps.  This is consistent with spectrally resolved imaging [170] which shows light emission 

from metal concentrated near the target (within millimeters), while emission from argon can be 

seen at larger distances (Fig. 15).   

• Electrons encountering the electric field of the double layer can drastically change the direction 

of their E× B  drift: on one side of the potential hump the local E× B  direction points away 

from target.  As a consequence, plasma can escape and form jets or flares: this has been 

observed using fast cameras (Fig. 15) [170, 175] and probes [174].  The disruption of the 

“regular” E× B  drift helps to explain why magnetron discharges, and in particular HiPIMS 

discharges, can reach very high currents.  Of course, electrons are also subject to drifts other 

than E× B , e.g. the B∇ -drift.  Ultimately 3D-simuations are needed to elucidate the details of 

the complicated plasma flow.   

(FIGURE 13) 

(FIGURE 14) 

(FIGURE 15) 

The interaction of the plasma formed near the target with the background gas may lead to background 

gas “activation”: dissociation (for molecular gases, if applicable), excitation, and ionization.  However, 

this interaction comes at an expense, namely the average ion current density drops quickly with 

increasing distance from the target [176] (Fig. 16).   

(FIGURE 16) 

 

5. Burst of pulses and other extensions  

As with each pulse technology, there are parameters, such as on and off times, that can be 

varied to optimize the system for best performance.  In some cases it is desirable to group pulses to a 

burst in order to make use of the conditions produced by the preceding pulse.  Burst operation can be 

further refined by structuring the sequence of pulses (pulse on/off, and amplitude) within a burst.   

In cathodic arc processing, the benefit of burst operation is limited because plasma production 

occurs at cathode spots of extreme power density and short spot time scales, and thus the effect of a 

preceding pulse is small unless one tries to affect the cathode surface conditions.  For arcs, the effect of 

bursts is mostly indirect as the arc spot action changes the condition of the cathode, and thereby affects 

the spot ignition probability and statistical spot lifetime.   

In contrast, burst operation in the case of HiPIMS can have profound effects as the plasma 

development of each pulse is affected by the afterglow plasma from the previous pulse.  The current 

level and power of each pulse is therefore increased as a pulse is placed closer to the preceding pulse, 

which affects the plasma composition and the entire performance of the system.  Using a specific power 

supply of long pulses, where each long pulse is composed of underlying “micropulses”, allows us to tune 

the current-voltage relation by spacing of the micropulses.  Such concept was realized in the Modulated 
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Pulsed Power (MPP) sputtering system by the company ZPulser [177], characterized e.g. by Meng and 

coworkers [178].  Lin and coworkers combined this with dc sputtering to form CrSiN coatings [179].  

More recently, ZPulser offered an advanced version of a power supply for “deep oscillation” magnetron 

sputtering [180], which can be also be seen as an approach to sputtering using bursts of pulses.  Fig. 17 

shows an example of a HiPIMS burst, where each burst has two segments.  The current of the second 

segment is enhanced not because the applied voltage is greater but because the pulse on and off times 

have been changed [181].  In another work it was shown that the inductance of the system causes the 

current to stay on, even as the applied voltage is briefly switched to zero between individual pulses 

[182].  

(FIGURE 17) 

Following up on an idea from the original i-PVD work [139, 183], namely that the degree of 

ionization can be enhanced by adding an additional rf-discharge to the magnetron discharge, Stranak 

and coworkers [184] developed “enhanced HiPIMS”: they showed that adding an Electron Cyclotron 

Wave Resonance (ECWR) discharge in the time between HiPIMS pulses let to an increase in the fraction 

of doubly charged ions during the HiPIMS pulse.  With plasma already present at the beginning of each 

pulse, the current can rise faster, and the peak current can be higher [185].  Higher power density leads 

to a greater degree of ionization and the formation of multiple charge states [87, 181, 186-189]. 

 

6. Biasing 

Since the early work of Bergman and others on the 1930s, the application of a bias voltage to 

the substrate has long been recognized as an important tool to control the energy of ions and thereby 

the adhesion and microstructure of coatings.  In 1985, Adler and Picraux [190] proposed to synchronize 

the production of pulsed arc plasma and high voltage biasing, where the biasing is delayed to account 

for the time of flight of the plasma ions from the ion generator to substrate.  In their case, bias was as 

high as -80 kV, leading to ion implantation.  This idea was generalized by Conrad et al. [191] who 

proposed the general principle of Plasma Source Ion Implantation (PSII), and by Brown et al. [43, 192] to 

develop metal plasma immersion ion implantation and deposition (MePIIID).  Operating in the 

intermediate energy range between typical displacement energies (30-40 eV) and conventional ion 

implantation energies (100 keV and greater), the bias system can be tailored to obtain shallow ion 

implantation (a.k.a. subplantation [193]), or/and to assist in interface tailoring and film growth [15, 194].   

When the substrate is conducting, bias is preferably applied in continuous (dc) manner or in 

pulses.  By its very nature, an insulating substrate cannot be biased unless one uses the capacitive effect 

of rf-biasing.  All of those bias types can be applied with arc and HiPIMS plasmas.  Historically, the 

principles and the effects of biasing were demonstrated with arc plasmas years before HiPIMS was 

invented.   

High voltage (> 1kV) dc-biasing for substrate sputtering (cleaning) interface preparation was 

widely used in the arc-bond sputtering (ABS) process introduced in the early 1990s [195, 196].  This 

approach has been extended using filtered arc plasmas [197], and over the last years more often to 

HiPIMS plasmas [77, 198-200].   

In the early 1990s, pulsed bias was explored in conjunction with pulsed arcs, where the duration 

of the bias could be selected to be shorter than the duration of the arc plasma pulse.  By phase-shifting 

plasma production and bias, it is possible to have times dominated by deposition (absence of bias, or 
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low bias), and times dominated by ion implantation and surface atom removal (sputtering) [43].  By 

selecting desirable proportions of ion implantation (high voltage bias) and deposition (no or very low 

bias) one can arrive at elemental composition depth profiles that are unattainable by conventional ion 

implantation, a process that could be called “pseudo-implantation” [201].   

Also in the early 1990s it was recognized that much lower dc-bias superimposed with higher 

voltage pulses can be used to affect film microstructure [202], a topic that is much researched today in 

the context of HiPIMS.  For example, Bandorf and coworkers [203] investigated the effects of 

superimposed bias for NiCr films, and Vergöhl and colleagues [204] considered the superposition of mid-

frequency (mf) and dc on the microstructure for ZrO2.  Modern power supply offer today great flexibility 

in superimposing dc, mf, and HiPIMS pulse patterns. 

Various combinations of dc and pulsed plasmas and bias relations can be considered.  For 

example, it might be practicable to produce long plasma pulses in combination with higher frequency 

bias pulses (Fig. 18).  In other words, one may use pulse bias where the bias on-off relation determines 

the relative phases of ion implantation (or subplantation [205] or ion-assisted growth [206, 207]) to bias-

free deposition.  Major goals of this approach were to produce coatings that are well-adherent, dense, 

and smooth [202, 208].   

(FIGURE 18) 

Phase-shifting the bias with respect to the plasma offers even more possibilities when the 

plasma varies not just in density but in composition.  This can been realized using a pulsed cathodic 

plasma source with more than one cathode [209, 210].  For example, for the deposition of tetrahedral 

amorphous carbon (t-aC), the most diamond-like material in the family of diamond-like materials, it is 

desirable to apply bias of about -100 V [211, 212].  Such bias is too high when also metal plasma is 

supplied: the impact of the energetic metal ions would degrade the fraction of sp3 (diamond) bonds.  In 

this case, bias was applied when carbon ions were supplied, and no bias was present when metal plasma 

arrived at the substrate.  Such “species-selective bias” [209] can be used in many applications to 

optimize the introduction of desired elements, e.g. molybdenum to tailor conductivity [213], or silver to 

obtain antibacterial properties [214].   

For HiPIMS, the plasma composition changes within each pulse as sputtered atoms enter the 

dense plasma and become ionized [85, 186, 215-217].  This suggests that bias could be phased with 

plasma composition to assign higher energy to either the gas or metal, depending on the requirements 

of the application.  This has been carefully studied for the Ti1-xAlxN system by Greczynski and co-workers 

[218].  They chose x to be about 0.61 near the kinetic solubility limit at the growth temperature of 

500°C. Three sets of experiments were carried out: -60 V substrate bias was applied (i) continuously, (ii) 

synchronously with the full HIPIMS pulse, (iii) synchronously with the metal-rich plasma portion of the 

HiPIMS pulse. Films grown under continuous bias exhibited a small-grain, two-phase nanostructure of 

wurtzite AlN and cubic Ti1-xAlxN with random orientation and 0.2 at.% Ar incorporation and high 

compressive stress of 4.6 GPa.  Synchronizing the bias with the full HIPIMS pulse lead to much lower 

stress (1.8 GPa) with no measureable Ar incorporation, larger grains elongated in the growth direction, a 

very small volume fraction of wurtzite AlN, and random orientation.  Synchronizing the bias with the 

metal-rich plasma phase of the HiPIMS pulses resulted in single phase films with a dense competitive 

columnar structure, strong (111) orientation, no measureable trapped Ar concentration, and even lower 

stress (0.9 GPa).  This example demonstrates the benefits of phased bias.   
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In most systems the plasma potential is close to ground as the anode of the plasma-generating 

source (cathodic arc plasma source or high power pulsed magnetron) is grounded.  This is due to the 

high mobility of electrons, as the plasma approximately assumes a slightly higher potential (by ekT e , 

i.e. a few volts) than the most positive surface it is in contact with.  Biasing of the substrate is practically 

done with respect to ground, with implies it is approximately realized with respect to the plasma 

potential, the physically relevant reference potential.  In some systems, however, the substrate cannot 

be biased because it is hard grounded, for example if the substrate holder is serviced by a robot.  In 

order to make use of the benefits bias offers, one may bias the plasma positively, as opposed to 

negatively biasing the substrate (plasma bias [219]).  This is practically done by biasing the anode of the 

otherwise floating plasma source (incl. its power supply).   

 

7. Plasma filtering for pulsed cathodic arcs and for HiPIMS 

As already mentioned in the section on cathodic arc plasma generation, the application of 

cathodic arc plasmas is greatly limited by the presence of macroparticles.  Many attempts have been 

made to address this issue, and the most widely implemented solution is the use of a curved magnetic 

filter [1, 220].  Such arc plasma filtering was originally developed in the 1970s in Kharkov, then Soviet 

Union, by Aksenov, Belous, Khoroshikh, Padalka, and others [221, 222]; their group continued to 

contribute to the field for over three decades, see for example [223-226].   

Plasma filtering is based on a combined magnetic and electric mechanism [224, 227, 228].  A 

typical magnetic field strength in a plasma filter is of the order 0.1 T, which readily causes electron 

magnetization while ions are hardly affected.  “Magnetization” implies here that the electron gyration 

radius is much smaller than the inner radius of the filter.  In contrast, the ion gyration radius is usually 

large so that ions could not complete the gyration motion.  However, ions are transported through the 

filter because the electrons setup a sufficiently strong radial electric field (Fig. 19). 

(FIGURE 19) 

The idea of filtering or guiding plasma can be applied to HiPIMS plasmas as well.  In normal 

operation, HiPIMS is a sputtering process, hence does not produce macroparticles.  However, arcing 

[229] does occur, and filtering could be added if one wanted to produce films of higher quality [230].  

Guiding of HiPIMS plasmas was demonstrated by Bohlmark and coworkers [231] primarily with the 

intent to control and enhance the flow of ions to desired locations on the substrate.   

Filtering of plasma could be used not only to remove macroparticles but also negative ions 

[232].  As the guiding magnetic coil has features of a plasma lens [233, 234], its optics is designed to 

transport positive ions through the radial electrical field (Fig. 20).  Negative ions are pushed out of the 

filter by the same radial electric field.  The issue of negative ions is considered in the next subsection.  

(FIGURE 20) 

 

8. Negative ions in cathodic arcs and HiPIMS 

Electronegative gases such as O2, F2, and Cl2 form readily negative ions by electron attachment 

and dissociation.  The following discussion is limited to oxygen and related oxides due to their practical 

relevance.  Studying Nb, Ta, Zr, and Hf sputtering in an Ar/O2 atmosphere, Mráz and Schneider [235] 

concluded that the evolution of the crystalline structure of transition metal oxide thin films may depend 
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on the presence of O− ion-bombardment-induced adatom mobility.  They identified three ion 

populations: low, medium, and high energy ions.  The low energy ions may be formed in the cathode 

presheath by dissociative electron attachment of oxygen and acceleration of O− by a small fraction of 

the target potential. The medium and the high energy ions correspond to half and the full target 

potential.  They may leave the target as O2
– and O− ions, and are accelerated over the cathode sheath 

[236].  The O2
– may then dissociate into O and O−, sharing the kinetic energy between them, hence 

leading to an energy corresponding to half of the target potential.  

Negative ions can cause detrimental effects in growing crystalline oxide or oxynitride films when 

their energy is larger than the displacement energies [237].  Renucleation occurs due to ion-induced 

defects, and the average grain size is reduced.  As a consequence, films are less conducting and more 

absorbing, which is of special concern for transparent conducing oxides [238-240].  Both positive and 

negative ions have an effect on texture and phase formation, e.g. amorphous vs. anatase vs. rutile in the 

case of TiO2 [180, 241-243].  Mass spectrometry of negative ions revealed that not only O- and O2
– are 

present but also metal-containing molecular ions such as TiO3
- in the case of reactive HiPIMS with a 

titanium target [244], see Fig. 21. 

(FIGURE 21) 

One can contrast the situation of magnetron sputtering with cathodic arc deposition, where 

negative ions, if present, are not accelerated to high energies because the voltages involved in arc 

discharges are much lower.  They are generally less than 40 V, and often as little as 20 V, as was 

mentioned earlier in the cathodic arc section.  Therefore, even as negative ions can be present, they are 

of no concern when it comes to depositing crystalline oxide films: Tay et al. [245] did not mention 

negative ions at all in their review on cathodic-arc-deposited oxide films.  The absence of the negative 

ion issue is also illustrated by the deposition of transparent conducting oxide films using filtered 

cathodic arc deposition, which show excellent transmittance, high carrier mobility, and low resistivity 

[246-251].   

 

9. Energetic deposition using cathodic arc and HiPIMS plasmas  

This section could be an entire review on its own as there is a vast literature on the effects of 

ions on interface engineering and film growth (highlighting here the work by Ivan Petrov and coworkers 

[17]).  Only some comments are given here to establish and emphasize the general connection between 

plasma parameters and properties of the films obtained with cathodic arcs or HiPIMS.   

As it is abundantly clear that (pulsed) cathodic arc plasmas and HiPIMS plasma have much in 

common but they also possess very distinct features.  In both cases, energetic deposition occurs, though 

the ion energy distribution functions are different.  In case of cathodic arc deposition of pure metal 

coatings (e.g. [6]), one can avoid using process gas and thus deals with vacuum arc plasmas, which 

usually have higher average ion energies than ions in HiPIMS plasmas.  HiPIMS can also be done in 

vacuum but only in exceptional cases, namely when the sputter yield is very high [157, 252] and a means 

of discharge start is provided.  The issue of using low pressure (typically less than 1 Pa) is important for 

energetic deposition as collisions between the source and the substrate greatly affect the flux and 

energy distribution of ions actually contributing to film growth (see for example Figs. 7 and 16) [176, 

253].  
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With gas usually present, the HiPIMS discharge excites and ionizes the process gas, which is 

directly related to the fact that a magnetic field is present: despite their long mean free path (long 

compared to the size of the target), electrons are able to cause excitation and ionization near the target.  

Cathodic arcs have been found to be inefficient in ionizing the process gas unless a magnetic field is 

present [129, 254, 255].  In this sense, cathodic arc macroparticle filters can have an important second 

purpose, namely providing a magnetic field that is needed to excite, dissociate (for molecular gases), 

and ionize the background gas.  Therefore, it seems reasonable to perform a comparison of HiPIMS with 

filtered cathodic arcs as the amount of macroparticles on the substrate as well as gas “activation” is 

comparable, i.e. radical formation by dissociation (when applicable), excitation, and ionization.   

Both pulsed cathodic arcs and HiPIMS plasma undergo plasma-chemical changes within each 

pulse, however, such effects get averaged for film growth because each pulse produces less than a 

monolayer of film.  In the case of pulsed cathodic arcs, the ion charge states are enhanced at the 

beginning of each pulse [90, 256], which generally correlates with higher than average kinetic energies.  

For HiPIMS, each pulse undergoes an evolution from gas-dominated to a metal-dominated plasma, 

which is well established based on time-resolved optical emission spectroscopy [257, 258], mass/charge 

spectrometry [186, 259], spectrally resolved imaging [85, 258, 260], and last but not least by using a 

rotating shutter mechanism allowing us to look directly at phased ion impact on film growth [216, 217].   

A direct comparison between (unfiltered) cathodic arc and HiPIMS deposition was made for the 

ZrN system: the HiPIMS process showed improved properties compared to the arc film which can be 

mainly associated with the difference in particulate contents in the films [261].  This is an example for 

the often-made argument that HiPIMS films are superior to cathodic arc films, namely that the 

particulate (a.k.a. macroparticle) content of the HiPIMS film is much lower, and therefore its quality and 

performance much better.  For the sake of comparison, one should use a filtered arc process, however, 

one must acknowledge that implementing macroparticle filters is associated with a large (> 50%) loss of 

deposition rate.  Macroparticle filtering diminishes some of the clear advantages of cathodic arc 

deposition: very high deposition rate, and simple, low cost operation.  Filtered and unfiltered arcs show 

robust operation (one does not need to worry about arcing!), wide operational window for reactive 

deposition of compound films such as oxides and nitrides, and high effectiveness of bias due to an 

inherently high degree of ionization.  Therefore, one cannot come to quick conclusions about the 

superiority of one technology over the other: both have advantages and disadvantages, and one needs 

to look at the specific requirements of the application as well as the economics of the process to decide 

which process to implement.   

 

8. Overview in tabular format  

Table 1 provides a comparison of cathodic arcs and HiPIMS, where emphasis is put on pulsed 

(and filtered) arc plasmas as they are closest in nature to HiPIMS plasmas.  The intent is here to promote 

a big-picture comparison and it is understood that details and actual values depend on the specifics of 

the equipment used and discharge parameters selected.  References are provided to help finding deeper 

and detailed information but no claim of completeness can be made as the literature covering the 

subjects counts several thousand publications.  
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Table 1.  A comparison of (pulsed, filtered) cathodic arc and HiPIMS plasmas, and related deposition approaches.  It is understood that 

parameters can vary widely depending on the specific conditions of the experiment or industrial facility.  Yet, many parallels can be drawn and 

differences can be shown.  The references are intended to provide access to further background information; and no claim is made that the list 

of references is comprehensive.  Note that many findings for arcs predate the findings for HiPIMS. 

 

Property (Pulsed, filtered) cathodic arcs  HiPIMS 

   

Cathode voltage drop 

(the difference of cathode 

potential and plasma bulk 

potential, the latter being 

close to the anode potential) 

Typically 12-28 V for currents less than 1 kA, 

depending on cathode material [105, 106, 262]. 

Such low voltage is the best “fingerprint” to 

distinguish arcs from magnetron discharges. 

Typically 200-1000 V, depending on target material, 

gas pressure and composition, target surface 

conditions, and discharge current as driven by the 

power supply [154, 257]. 

Current density at cathode 

(target) 

Transient, fractal, up to 1012 A/m2 in cathode spots 

[104, 263-265]. 

Varies widely, up to 106 A/m2 in ionization zones 

[168].  Often the current density is simply normalized 

by the entire target area, using peak current divided 

by the target area, which gives nominal values of up 

to 104 A/m2.  

Power density at the cathode 

(target) 

Transient, fractal, up to 1013 W/m2 in cathode 

spots 

[89, 266, 267] 

Varies widely, up to 109 W/m2 in ionization zones 

[168]. Often the power is simply normalized by the 

entire target area, which gives nominal values of up 

to 107 W/m2 [154, 257, 268]. 

Plasma density Transient, in the initial explosive phase close to 

solid state density, 1026 m-3, and may become less 

than 1018 m-3 in the expanded plasma near the 

substrate [89, 269, 270]. 

Many of early (2000s) papers on HiPIMS point focus 

on ionization of target atoms, which is often in the 

30-70% range [271].  In most cases, both gas and 

target ionization is important [159]. Plasma is general 

highly non-uniform and densest in ionization zones 

over the racetrack, up to 1019 m-3, and about 1018 m-3 

in adjacent regions [168, 189, 272]. 

Electron temperature or 1.5 to 4.5 eV, depending on cathode material, in About 1 eV plus a sharply truncated high-energy tail 
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energy the transition region from equilibrium to non-

equilibrium close to the cathode spot [125]. 

during a pulse, with the hot electrons decreasing 

after ~100 μs after a pulse initiation [167].  Up to 5 eV 

during the discharge, dropping to about 1 eV in the 

pulse afterglow [189].  Heated by electric field in the 

presheath [166]. 

Ion charge states 1+ to 5+, most metals have large fractions of 2+ 

and 3+ ions [129, 273], it also applies to composite 

cathodes [274, 275]. 

Mostly 1+ but also a significant fraction of 2+ [181], 

and in extreme cases 3+ and 4+ [87]. 

Energies of positive ions at 

substrate 

In plasma: most likely energy is about from 20 eV 

for light ions (like C ions) to about 120 eV for 

refractory metals (like W ions) [129].  Ion energy 

distributions (incl. all charge states) show one 

peak [130, 131]. Ion energies are further enhanced 

by acceleration in the sheath of the substrate.   

Ion energy distributions show three significant 

features: a thermal peak at very low energy (~ 1 eV), 

a broad non-Thompson peak at typically several 10 

eV, which may be assigned to ion acceleration from 

ionization zones [169, 174], and an energy tail from 

sputtering cascade (Thompson distribution [276]) 

[277]. 

Energies of negative ions Low energy only (< 40 eV, due to the absence of 

high voltages). 

Energy distributions have peaks related to the full 

and half target potential [236]; besides O- negative 

molecular ions are observed [242]. 

Macroparticle contamination 

and plasma filtering 

Contamination is severe without filtering, less with 

poisoned cathodes (e.g. surface oxidized), 

acceptable for some applications like hard 

coatings on tools [278, 279]; optical and other 

applications require filtered arcs [245, 280, 281]. 

No macroparticle contamination in the absence of 

arcing, however, arcing does occur and film quality 

depends on current levels, target material, target 

history, and on the properties of the arc suppression 

system [229, 282-284]. 

Species-selective bias Using two or more cathodes, bias is applied 

depending on which plasma arrives at the target 

at a given time [209, 213]. 

Demonstrated as bias pulses are phased with HiPIMS 

pulses to make use of the changing plasma 

composition within each pulse [218]. 

High bias for ion etch and 

surface preparation 

Etch demonstrated using unfiltered arc plasma 

[195], and using filtered arc plasma [197]. 

Etch demonstrated using HiPIMS plasma [77, 198]. 

Deposition in vacuum Common, e.g. [6], known as vacuum arcs [88, 91]; 

most measurements of charge states and ion 

Unusual but possible for materials of very high self-

sputter yields [157, 158, 252]. 
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energies are done in vacuum to eliminate the 

effects of gas [1, 88]. 

Deposition in reactive gas 

atmospheres 

Widely practiced for the deposition of hard, 

decorative, and protective coatings, often based 

on nitrides [285, 286], carbides [287], oxides [247, 

288], oxynitrides [289], and sometimes complex 

compounds [138, 290]. 

Widely practiced for compound films, including 

nitrides [77, 199, 291-293], carbides [294], oxides 

[277, 295-302], and more complex compounds [303, 

304].  

Deposition rates Very high deposition rates by standards of physical 

vapor deposition, can be as high as 15-20 nm/s for 

unfiltered process.  Filtering reduces rates typically 

by 3/4.  Example of a high rate filtered arc process 

is AZO: about 4-5 nm/s [247]; and for Al2O3: 2 

nm/s [305] and 3-4 nm/s [306].  For pulsed 

systems, using high currents (~ 1 kA): about 1 

nm/pulse [307], or 3-5 nm/s for filtered high 

current arc with a graphite cathode [308]. 

In most but not all cases notably lower (several 10% 

lower) compared to the deposition rates of dc 

sputtering at the same power [309], primarily due to 

return effect of ionized sputtered material, but also 

affected by a host of other changes [310] including 

the energy dependence of the sputter yield [311].  

About 3 nm/s for Cr compound films using MPP 

[312].  Under selected conditions, in the transition 

region of reactive sputtering, deposition rates can be 

higher than the dc rate [313]. 

 

Use of more than one source More than one arc source is often used to increase 

the area to be coated and/or to tune film 

composition [314, 315]; using different cathodes, 

co-deposition can be used for doping [213], or 

leads to embedded nanoparticle formation [316], 

alloy-compounds [248], multilayers [317] or 

nanolaminates [318, 319].   

Magnetrons are often used in dual-magnetron 

configuration [320-322] to address the “disappearing 

anode” problem in reactive deposition; the principle 

has been extended to HiPIMS [323-325].  To increase 

the HiPIMS deposition rate, a HiPIMS-rf hybrid 

scheme can be employed [326].  Using different 

targets, co-deposition can lead to alloy-compounds, 

superlattices [327] or nanolaminates [328, 329].   

Scalability, cost, and other 

economic considerations 

Unfiltered reactive cathodic arc deposition is 

widely used in industrial batch coaters, and rarely 

in in-line coaters, likely for uniformity concerns 

[278].  Due to high deposition rate, a preferred 

Likely to be an economical success where the 

enhanced coating quality is demonstrated and 

needed; scaling to target sizes of ~ 1 m length 

demonstrated, with peak power of up to 8 MW [301, 
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economical process when macroparticles can be 

tolerated.   

330-332].    

 

 

24 
 



Figure Captions 

Fig. 1  Film deposition apparatus showing arc plasma generation and substrate bias, adapted from 

Burkhardt and Reinecke’s patent [23], filed in 1937.   

Fig. 2  Early ion plating apparatus by Mattox, where vapor ionization and ion acceleration are 

accomplished by a discharge; the substrate is the cathode (adapted from Mattox’ review [33]) 

Fig. 3  Open-shutter photograph, taken through a vacuum chamber window, of a flange-mounted 

cathodic arc source and mirror placed inside the chamber.  The discharge was a cathodic arc discharge in 

vacuum (vacuum arc) using a graphite cathode.  The plasma of vacuum arc appears relatively dim as 

excitation collisions far from the cathode spot are rare. Hot macroparticles are ejected from the 

explosive processes at the cathode spot, and easily visible by the bright straight lines.  Note that 

macroparticles tend to be reflected from solid surfaces, an issue to be addressed when filtering cathodic 

arc plasmas.   

Fig. 4  Cathodic vacuum arc erosion craters: in this example, the cathode was not metallically clean as 

evident by the spread of craters.  The craters appear in a straight band since a magnetic field caused 

preferred ignition in one direction (a.k.a. magnetically steered arc).  Image taken in the late 1970s, 

courtesy of B. Jüttner, Berlin.  

Fig. 5  Electron micrograph of a surface of a titanium radio-frequency cavity, subjected to very high 

electric fields (original image from CERN, published in [121]).   

Fig. 6  Illustration of the Cohesive Energy Rule for cathodic arcs, showing cohesive energy, mean ion 

charge state, and the most likely ion energy for many elemental cathodes (from [90]).   

Fig. 7  Ion energy distribution function of a cathodic arc with an aluminum cathode as a function of the 

product of distance from the cathode and pressure of pure argon (After Aitser et al. [333]). 

Fig. 8  Open-shutter photograph of a pulsed high current cathodic vacuum arc: the central electrode was 

the trigger, and the mesh is the anode of the discharge.  Several arc spots start at the trigger pin and 

move away driven by the magnetic field (image from the 1980s, courtesy of B. Jüttner, Berlin).   

Fig. 9  Plasma potential (left) and derived electric field (right) for a 3” Nb HiPIMS-discharge in 0.26 Pa 

argon, measured with an emissive probe.  The probe was systematically moved after 100 pulses were 

measured: each measurement location is indicated by a black dot or arrow.  Adapted from [143]. 

Fig. 10  Schematic representation of ion and atom fluxes in magnetron sputtering operated at high 

power, when both gas and target atoms are ionized. The right side describes the impact of gas ions on 

the target, causing emission of secondary electrons and sputtering of target atoms (yield γ ), and a 
return of the gas ions in the form of (neutralized) atoms unless accommodated with a probability δ. 
Both target and gas atoms can then be ionized (probability α) and return to the target (probability β). 
The indices t and g refer to ‘target’ and ‘gas’ (from [159]). 
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Fig. 11  Spectrally resolved images of ionization zones, obtained by using a fast camera with image 

intensifier (PIMAX by Princeton Instruments) in conjunction with a spectral filter matched to selected 

emission lines of atoms or ions, as indicated.  Adapted from [170]. 

Fig. 12  Ionization zone over a niobium target sputtered in argon (upper image), with the proposed 

potential hump (lower image); the electric field and net space charge were calculated using the first and 

second derivative of the potential.  Adapted from [169]. 

Fig. 13  Energy distribution functions for Ti+ (top) and O+ (bottom) HiPIMS discharges; distribution 

measured for dc discharge are given for comparison.  From [172]. 

Fig. 14  IEDFs measured in HiPIMS along the side of the magnetron for (a) Ar+, (b) Ar2+, (c) Nb+ and (d) 

Nb2+.  From [174].   

Fig. 15 HiPIMS with 3” aluminum target in argon, peak current 100 A; the images show side-on views of 

the light from ions as recorded through a spectral filter (top: argon ions, bottom: aluminum ions); each 

image is from a different discharge pulse as the PIMAX camera took one image per pulse, each with an 

exposure time of 150 ns.  Adapted from [170].   

Fig. 16  Nb HiPIMS discharge in argon at different pressures: the measurements show the time-

dependent ion saturation probe currents for 0.13, 1.75, and 4 Pa at 6 and 14 cm distance from the 

target, for different collection angles.  Note that the current scales for top row (6 cm distance) and 

bottom row (14 cm distance) are different (adapted from [176]).   

Fig. 17  Two-segmented burst of short HiPIMS pulses: here, in this example, the first segment was done 

with 3 μs on and 40 μs off, while in the second segment the pulses were 12 μs on and 6 μs off.  As a 

consequence, the discharge current increases.  From [181]. 

Fig. 18  One of several combinations using pulse arc plasma and pulsed bias: here, relatively long pulses 

are used and a burst of bias pulses is applied when the plasma is present.  The duty cycle of the bias 

determines the ratio of ion implantation (or more often subplantation, given the typical bias voltage of 

several 100 V) and deposition.  After [194].  

Fig. 19  View to an open-coil, curved cathodic arc filter for the deposition of high quality films.  Here with 

a 30 A dc-arc source, zinc cathode, in oxygen background to form ZnO (or Al-doped ZnO (AZO) 

depending on the Al-content of the zinc cathode).   

Fig. 20 HiPIMS plasma transported through a straight filter from the magnetron on the right to the 

heated substrate holder on the left, with the intent to remove energetic negative oxygen ions that are 

detrimental to the obtaining high quality oxide films, here AZO as a transparent conducting film (from 

[232]). 

Fig. 21  Ion energy distributions of O−, O−2 , TiO−, TiO−2 and TiO−3 in reactive HiPIMS of Ti in an 80:20 

argon/oxygen mixture. The average on-phase absolute target potential was approximately -500 V. From 

[242].  
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