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Abstract 
 

HiPIMS, high power impulse magnetron sputtering, is a promising technology that has 

attracted a lot of attention, ever since it was introduced in 1999. A time-dependent plasma 

discharge model has been developed for the ionization region (IRM) in HiPIMS discharges. 

As a flexible modeling tool, it can be used to explore the temporal variations of the ionized 

fractions of the working gas and the sputtered vapor, the electron density and temperature, the 

gas rarefaction and refill processes, the heating mechanisms, and the self-sputtering process 

etc.. The model development has proceeded in steps. A basic version IRM I is fitted to the 

experimental data from a HiPIMS discharge with 100 μs long pulses and an aluminum target 

(Paper I). A close fit to the experimental current waveform, and values of density, temperature, 

gas rarefaction, as well as the degree of ionization shows the general validity of the model. An 

improved version, IRM II is first used for an investigation of reasons for deposition rate loss 

in the same discharge (Paper II). This work contains a preliminary analysis of the potential 

distribution and its evolution as well as the possibility of a high deposition rate window to 

optimize the HiPIMS discharge. IRM II is then fitted to another HiPIMS discharge with 400 

μs long pulses and an aluminum target and used to investigate gas rarefaction, degree of 

ionization, degree of self-sputtering, and the loss in deposition rate (Paper III). The most 

complete version, IRM III is also applied to these 400 μs long pulse discharges but in a larger 

power density range, from the pulsed dcMS range 0.026 kW/ 2cm  up to 3.6 kW/ 2cm  where 

gas rarefaction and self-sputtering are important processes. It is in Paper IV used to study the 

Ohmic heating mechanism in the bulk plasma, couple to the potential distribution in the 

ionization region, and compare the efficiencies of different mechanisms for electron heating 

and their resulting relative contributions to ionization. Then, in Paper V, the particle balance 

and discharge characteristics on the road to self-sputtering are studied. We find that a 

transition to a discharge mode where self-sputtering dominates always happens early, 

typically one third into the rising flank of an initial current peak. It is not driven by process 

gas rarefaction, instead gas rarefaction develops when the discharge already is in the self-

sputtering regime. The degree of self-sputtering increases with power: at low powers mainly 

due to an increasing probability of ionization of the sputtered material, and at high powers 

mainly due to an increasing self-sputter yield in the sheath. 

 

Besides this IRM modeling, the transport of charged particles has been investigated by 
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measuring current distributions in HiPIMS discharges with 200 μs long pulses and a copper 

target (Paper VI). A description, based on three different types of current systems during the 

ignition, transition and steady state phase, is used to analyze the evolution of the current 

density distribution in the pulsed plasma. The internal current density ratio (Hall current 

density divided by discharge current density) is a key transport parameter. It is reported how it 

varies with space and time, governing the cross-B resistivity and the mobility of the charged 

particles. From the current ratio, the electron cross-B (Pedersen) conductivity can be obtained 

and used as essential input when modeling the axial electric field that was the subject of 

Papers II and IV, and which governs the back-attraction of ions. 
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Sammanfattning 
 

HiPIMS är den engelska akronymen för “High Power Impulse Magnetron Sputtering”. Detta 

är en lovande tunnfilmsteknik som har tilldragit sig stort intresse sedan den först 

introducerades 1999. En tidsberoende plasmamodell, IRM, har utvecklats och anpassats till 

jonisationsområdet i ett antal HiPIMS-urladdningar. Modellen är utformad för att kunna 

användas som ett flexibelt redskap för studier av interna variabler: tidsvariationerna hos den 

joniserade andelen av processgasen och den sputtrade gasformiga komponenten, 

plasmatätheten och elektrontemperaturen, gasförtunningen och återfyllningen, 

sputterprocessen, mm. Modellen har utvecklats i tre steg, IRM I, IRM II, och IRM III. I 

papper I har IRM I anpassats till en 100 mikrosekunder lång HiPIMS-puls med en 

aluminiumtarget som katod. Analysen fokuserar här på allmänna trender, och att etablera den 

generella användbarheten hos denna typ av modell. Modellen reviderades sedan till IRM II 

för att i papper II användas i en studie av potentialstrukturen i plasmat och dess betydelse för 

depositionshastigheten. Papper III, IV och V utgör en sammanhängande serie där 

experimentalla data från en och samma mätserie med 400 mikrosekunder långa HiPIMS-

pulser, och med brinnspänningar från 360 till 1000 V, har använts för studier av 

processgasförtunningen (Papper III), energibalansen (Papper IV) och slutligen i Papper V den 

sputtrade komponentens partikelbalans då urladdningen för höga pulsintensiteter går in i en 

fas av självsputtring, dvs brinner huvudakligen i metallånga som sputtrats från katoden. Paper 

VI, slutligen, innehåller en experimentell studie av hur strömfördelningen i en HiPIMS-

urladdning utvecklas i tiden, och i rummet, under en puls. 
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Variables, Superscripts and Subscripts 

Variables in common use, where NN denotes variable subscripts 

B  magnetic field  

e  elementary (electron) charge 

NNE  energy  

E   electric field 

zE   
electric field in z  direction ( ,z ionizeE : ionization driven; ,z transE : transport 

driven) 

NNI  current 

NNJ  current density 

Bk  Boltzmann’s constant 

NNk  rate coefficient 

L  characteristic length 

m  mass 

NNn  number density 

P pressure 

NNP  power  

r recapture probability 

NNr  radial dimension 

diffR  differential resistivity 

NNS   surface 

t time 

NNT  temperature 

NNU  potential  

DU  discharge voltage 

NNv   velocity 

NNV  volume 

NNz  axial dimension 

φ   work function 

(table continued below) 
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NNγ  secondary electron emission coefficient of the ion NN 

NNY   sputtering yield 

η  resistivity 

0ε  permittivity of free space 

NNΓ  flux density 

Dλ  Debye length 

NNτ  time constant 

EFFτ  effective mean time between collisions 

geω  angular gyro-frequency 

Variables used in the ionization region model (IRM) 

PWRF  fraction of the input power that goes to energize the electrons 

recycleF  possibility of argon gas recycling 

HWe
F  parameter defining the typical energy of the hot electrons 

1K  
average fraction of the current in ionization region that is carried by 

electrons 

α  ionization probability 

β  back-attraction probability of ions 

ν   ionization frequency [ionizations per m3 and s1] 

NNξ  fractions concerning the Ar+  ions recombined at the target during a pulse 

Π  self-sputtering parameter 

SS recycle−Π  self-sputtering recycling factor 

TownsendΠ  Townsend product 

Superscripts 

C cold thermal component 

H hot component 

m metastable level 

W warm component 

Subscripts (NN) 

c,eff  effective collisional energy loss per ion-electron pair created  

(table continued below) 
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chexc charge exchange 

calc calculated 

crit critical 

dex de-excitation from the metastable level 

D discharge 

e electron 

ex excitation to the metastable level 

exp experimental 

g gas 

htc hot-to-cold 

M metal 

Ohm Ohmic heating 

P Penning ionization 

iz ionization 

IR ionization region 

r radical direction 

RT race track region 

ran random 

self self-sputtering 

sput sputtering 

SE secondary electron 

SH sheath region 

z axial direction 
ϕ   azimuthal direction 

⊥   perpendicular 

Table 1. Variables, superscripts, and subscripts. 
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1. Introduction 

A plasma is a quasi-neutral gas of charged and neutral particles which exhibits collective 

behavior [1]. A common plasma assisted thin film deposition technique for a broad range of 

applications is magnetron sputtering [2]. In magnetron sputtering the plasma is achieved by 

applying an electric discharge to a neutral gas. Various types of power supplies are used for 

the plasma generation in magnetron sputtering, ranging from direct current (dc) to alternate 

current (ac), with frequencies up to the mega-hertz range [3].  

 

The direct current magnetron sputtering (dcMS) is a plasma-based technique utilizing 

magnetic fields to confine and enhance the plasma density in front of the target. A potential 

difference of typically a few hundred volts is applied to the cathode (magnetron), and 

accelerates the electrons in the neutral gas and generates new electrons and ions through 

electron-impact ionization, thus maintaining the plasma. Through ion bombardment, the 

deposition species are vaporized by sputtering from the target. Only a small fraction of the 

sputtered atoms are ionized in conventional dcMS, roughly in the order of one or a few 

percent. A conventional dcMS apparatus is shown in Figure 1. The dcMS has widespread use 

in coating processes, particularly for metal, alloy and compound layer deposition, including 

oxides, nitrides, carbides, fluorides or arsenides [4,5]. It now makes a significant impact in 

application areas including hard, wear-resistant coatings, low friction coatings, corrosion-

resistant coatings, decorative coatings and coatings with specific optical, or electrical 

properties [6]. 

1.1 High power pulsed magnetron sputtering (HPPMS) 

One of the main limitations of dcMS is the low ionization fraction of the sputtered atoms. 

Higher ionization of the sputtered vapor could give better control of the film growth. This 

could be achieved e.g. through the application of a substrate bias that can be used to control 

the ion bombarding energy and guide the ionized fraction of the deposition material. The 

working gas ion bombardment has a significant influence on the structure and properties of 

the growing film, including degree and direction of orientation, grain size, the film density 

and film stress [7]. Also, ionizing the sputtered vapor gives improvement of the film quality, 

such as density, higher hardness and improved adhesion, improved surface roughness, control 

of the reactivity, decreasing the deposition temperature, phase tailoring, and guiding of the 

deposition material to the desired areas of the substrate [4,8]. Higher plasma densities  
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Figure 1. A schematic diagram of a dcMS apparatus. 

 

commonly increase the degree of ionization of the sputtered species, causing a larger fraction 

of ionized species to reach the substrate. The plasma density is however in dcMS limited by 

the thermal load on the target cathode due to bombardment of the positive ions [4,9]. This 

problem can be solved by limiting the duty factor by pulsing the applied voltage at a high 

power level, in a short period of time at a relatively low frequency [10]. This is referred to as 

high power pulsed magnetron sputtering (HPPMS). The technique can be easily implemented 

into a full scale industrial size deposition system because it is essentially using conventional 

magnetron sputtering equipment except for the power supply [8].  A rapidly growing amount 

of research papers is published based on HPPMS, as shown in Figure 2. The development can 

be separated in 5-year periods. After the initial publication in Russia 1995, it took 5 years 

before the next step, mainly in Sweden, began. Then it took another 5 years before a period of 

rapid growing international research started 2004-2009. The latest 5-year period 2009-2013 is 

characterized by an increasing number of patents and applications, and a rapidly growing 

number of involved research groups, in 2013 exceeding 50.  

 

There are a few variations of the HPPMS technique, like high power impulse magnetron 

sputtering (HiPIMS) and modulated pulse power (MPP). The HiPIMS range is characterized 

by pulses of very high amplitude to the cathode, with longer pauses between the pulses. Its 

typical operational parameters are: peak target power density targetP > 0.5 2kW/cm , duty cycle 

0.5-5 %, pulse repetition frequency 50 Hz - 5 kHz, pulse length 5-500 μs, target voltage up to 

2000 V, and peak current densities up to 3-4 2A/cm  [4,11]. The MPP on the other hand, can 

have multiple steps and micro pulses within one overall macro pulse period. Its pulse length is 

anode 
substrate 

target 

magnets 
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Figure 2. Publications per year in the HPPMS field, data taken from Ulf Helmersson 

(1995-2008, private communication) and from “Web of Knowledge” (2009-2013). 

Publications with co-authors from the Swedish groups (mainly LiU/KTH) are here 

marked dark in order to highlight how the field, after a strong start in Sweden, since 

about 2004 began to expand rapidly internationally. 

 

typically in the 2-3 ms range and the peak target power density is lower [12]. Figure 3 shows 

a proposed nomenclature based on the typical ranges in which different pulsed discharges 

operate, in terms of peak target power density and duty cycle [8]. 

1.2 High power impulse magnetron sputtering (HiPIMS) 

HiPIMS has been successfully developed to produce a peak plasma density above 1910  m-3 

and a high ionization fraction of the sputtered species [13,14]. It is an emerging tool for self-

ion-assisted deposition of thin films, nanocomposites, hard coatings, functional coatings for 

electronic applications, or coatings on complex surfaces [4,10,15,16]. The method shows 

promising results regarding tailoring of the microstructure as well as improved thin film 

properties, such as improved adhesion [15] and increased wear resistance [17,18]. 

 

The deposition rate is given by the number of particles (including ions and atoms) deposited 

on the substrate per unit time. The deposition rate is in general limited by the feed stock gas 

flow rate and pressure, the deposition (target) material, or by the discharge power [19]. It 

typically ranges from a few nm/min to a few hundreds of nm/min. The deposition rate is a 

major concern for industry. The faster a film can be deposited, the shorter time it needs to 

occupy an expensive device.  
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Figure 3. A nomenclature for pulsed discharges that is based on the peak power 

density at the target targetP , combined with the duty cycle (reproduced from [8]). 

 

The largest single problem in HiPIMS discharges is that the deposition rate is generally found 

to be lower than in a conventional dcMS discharge at the same average power, as seen in 

Figure 4 [20]. There are several explanations proposed for this lower deposition rate. One 

explanation is that the negative potential of the cathode will penetrate the bulk plasma as an 

extended presheath. Both the sputtered material ionized close to the target, and ions in the 

bulk plasma will be attracted back to the target surface if the ions do not have enough kinetic 

energy to escape the potential barrier [4,8]. For high enough applied power, the ions of the 

sputtered vapor that are attracted back to the target take part in the sputtering process and 

thereby make up a significant fraction of the target current. This is called the self-sputtering 

(SS) process [21]. It depends on various parameters like the sputter yield, the secondary 

electron (SE) emission yield, the working gas, and the target voltage [8]. The self-sputtering 

yield of the target material is usually lower than the sputtering yield of the background gas, 

e.g. Ar-Ti is larger than Ti-Ti and Ar-Cu is larger than Cu-Cu [22]. Therefore, the target ions 

on one hand can be back attracted to the target and lost there; in addition they cannot produce 

as many sputtered atoms as the back-attracted gas ions. This means the produced target 

particles cannot compensate for the loss of target ions, which leads to a much lower 

deposition rate at the same current. Another possible explanation for the reduction of 

deposition rate is the gas rarefaction leading to lower density of working gas in front of the 

target and thus a smaller number of available ions for sputtering [8]. The resulting lower  
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Figure 4. Black and red bars: the absolute deposition rates for dcMS and HiPIMS 

discharges for different target materials (left axis). Green: the deposition rate of 

HiPIMS divided by the dcMS deposition rate as a scatter plot (right axis). From 

Samuelsson et al. [20]. 

 

conductivity (or plasma density) in the target-to-substrate region of the discharge can be 

counteracted by placing an rf-driven inductively coupled discharge between the target and the 

substrate [23]. Other factors that could influence the deposition rate include the magnetic 

confinement. There is experimental evidence showing that by lowering the mean magnetic 

field in the trap region, the effective potential barrier and the electric field strength can be 

reduced, contributing to a deposition rate improvement [4,8]. Additional factors as the target 

surface temperature [24], the target material, the power density, the size of the erosion area, 

the target-to-substrate distance, and the discharge pressure [8] can also influence the 

deposition rate. 

 

A problem in trying to identify the reason for the lower deposition rate is that in HiPIMS there 

are many new parameters to vary compared to dcMS, the main being the various 

combinations of the pulse length, the pulse frequency, and the applied power density. The 

choice of these external parameters influences a lot of the internal pulse features discussed 

above such as the gas rarefaction, the degree of self-sputtering, and the degree of ionization of 

the sputtered species. Since the diagnostic of key internal parameters such as electric field, 

electron density, and temperature inside the HiPIMS device and near the target is hard to 

make, an attractive alternative is to expose these important physical mechanisms through 

modeling. 
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Figure 5. A schematic of the target material pathway model from Lundin [27]. The 

letters G and M stand for gas and metal neutrals (filled circles) as well as ions (+), 

respectively. 

 

A phenomenological model, which helped a lot to the understanding of the discharge process 

has been developed by Christie [25], and improved by Vlček et al. [26] and Lundin [27]. This 

model is referred to as the target material pathway model, and describes the collective 

behavior of the sputtered particles and gas particles in the bulk plasma. Figure 5 shows a 

schematic view of this model, in which the roman numbers represent different processes.  

 

Two types of ions, gas ions and metal ions, can be accelerated across the high voltage sheath 

and impact on the target surface (I, II). They will sputter out different amounts of target 

material according to their sputtering yield (III). On their way to the substrate, a fraction α  of 
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the target atoms are ionized (IV). A fraction β  of these ions are attracted back to the target 

(V) and take part in the sputtering process (II). The rest of the ions will escape into the bulk 

plasma (VI), where they will either be lost to the walls or finally arrive at the substrate (VII). 

The sputtered particles that have not undergone an ionizing collision escape into the bulk 

plasma region (XII) and can be ionized there (VIII), and later either be lost to the walls or 

arrive at the substrate (VII). If they are not ionized, they can either end up at the substrate (IX) 

or be lost to the walls without ionization. There is also a probability that the sputtered target 

atoms collide with the neutral background gas atoms (X), leading to gas heating and 

expansion in a process called gas rarefaction. The bombarding gas ions (I) that are neutralized 

at the target surface will be returned back to the plasma (XI), with energies ranging from the 

target temperature (≤0.1 eV) up to several 100 eV. Some of these gas neutrals will collide 

with the neutral background (XII) and enhance the gas rarefaction while others will leave the 

bulk plasma region without collisions. 

 

Among these processes, target atom ionization (IV) and the parameters α  and β  are most 

interesting since they determine the number of target species ions that can reach the substrate. 

With more ions to the substrate, better adhesion and property of the films can be obtained. 

The return probability β  is important, since it likely plays a key role for the reduced 

deposition rates in HiPIMS, and great efforts have been spent on why and how this process (V) 

is happening [28,34]. However, a great uncertainty still exists concerning what determines the 

value of β . Another important process is gas rarefaction (X, XII). It is heavily influenced by 

the pulse length and amplitude, and the pressure. It not only influences both ionization of 

target atoms (IV) and attracting these ions back to the target (V), but also the whole discharge 

process. In order to address these key questions about HiPIMS, we have developed a plasma 

chemical ionization region model (IRM). We have benchmarked it to different experimental 

data and then used it to gain insight into the physical processes described above. 

1.3 Ionization region model (IRM) 

The IRM is limited to a geometric region above the cathode, the ionization region (IR), which 

is the part of the discharge vessel with the densest plasma in which most of the ionization 

takes place. The geometry of the IR is for each application chosen based on data as the race 

track erosion, probe measurements in the device, and the magnetic topology. Figure 6 shows a 

high-speed camera recording of the time-resolved distribution of emitted light in HiPIMS [29]. 
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Figure 6. Images taken from another device than ours during 200 μs HiPIMS 

discharge pulses in Ar at 1.3 Pa at different times of the pulse. Different colors are 

assigned to different emission intensities (arbitrary units) [29].  

 

A “blast” of light that shows the size of the IR develops rapidly during the first microseconds 

after the plasma breakdown, spreading from the cathode into the reactor. It then stays almost 

steady in front of the cathode. Tests with the model (Paper I [32]) show that a geometry 

variation of the IR is not so crucial for the modeling results, and we therefore take the IR to be 

a fixed size region during the whole pulse. 

 

The overall purpose of this work is to explore how to optimize HiPIMS discharges. This is a 

difficult task because HiPIMS involves a complicated technology and also has the major 

problem that diagnosis is difficult to make near the target. Therefore, one focus of our 

modeling is on the physical mechanisms that we regard as most important for the deposition 

rate in HiPIMS, namely the ionization degree of metal atoms, the reason and extent of ion 

attraction back to the target, the factors that influence the gas rarefaction, and how the 

externally controllable parameters influence the internal physics of relevance for these 

mechanisms. 

 

Models are easier and cheaper to operate than experiments but one always needs to verify 

their validity by comparisons to experimental results. In HiPIMS, recent advances in tunable 
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laser diodes have made non-disturbing laser absorption, and laser induced fluorescence (LIF) 

diagnostic techniques, available. Recently demonstrated agreement between laser diagnostics 

[30] and the IRM model, regarding the quite complicated time development during and after a 

pulse of the metastable argon density, is at present the strongest quantitative evidence for the 

correctness of the model. 

1.4 Outline 

The outline of the thesis is as follows. First, a general overview of different experiments 

which are going to be modeled is given in Section 2. Section 3 describes the development of 

the IRM. Based on experimental results, we have also developed a current system transport 

model to describe the current density evolution process which is also described in Section 3. 

Section 4 introduces the code structure and a manual of how to apply it to experimental 

discharges. The results of the six papers contained in the thesis are overviewed in Section 5, 

and in Section 6 the thesis is concluded with a summary of the results and an outlook forward. 
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(a)                                                              (b) 

Figure 7. The discharge current DI  and voltage DU  of the first device used in: (a) 

Paper I and II [32]; (b) Paper VI [33]. 

2. Experimental conditions 

Two different sets of experiments have been performed separately in two HiPIMS devices. 

The volumes of these two devices are different, so the ionization regions we modeled are also 

different. We pick the width of the region according to the race track erosion area, and the 

thickness based on the Child sheath thickness [21], the magnetic field geometry above the 

target, and plasma density measurements.  

2.1 Shorter pulses in a larger device 

The discharge used for Papers I and II is performed in Ar with a 15 cm diameter Al target 

mounted on a slightly unbalanced magnetron in a cylindrical vacuum chamber (height 70 cm, 

diameter 44 cm). The power supply delivers 100 μs long discharge pulses at a repetition 

frequency of 50 Hz, with a peak current of 100 A, and a peak voltage of -800 V with an 

amplitude which decreases monotonically during the pulse [31], as shown in Figure 7 (a) [32]. 

The discharge in Paper VI is performed in the same device in Ar with a 15 cm diameter Cu 

target. Pulses up to approximately -800 V and 145 A were used with a pulse duration of 200 

μs and a repetition frequency of 100 Hz, as seen in Figure 7 (b) [ 33 ]. A schematic 

representation of this discharge is shown in Figure 8 [32]. The standard ionization region 

volume in the model for this first discharge is, with variables defined in Figure 8, 1cr =2 cm, 

2cr =7 cm, 1z =0.1 cm, and 2z =3 cm. The pressure here is P =4 mTorr. 
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Figure 8. A schematic representation of the magnetic field topology and the volume 

covered by the ionization region as well as the bulk plasma region in the first device 

[32]. 

 

  
                                   (a)                                                                                (b) 

Figure 9. (a) The discharge current DI  and voltage DU  in the second device at DU

=450 V [22]. (b) Experimentally determined discharge currents ( )DI t  during the 

pulses for various cathode voltage amplitudes DU  in the second device [22].  
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2.2 Longer pulses in a smaller device 

The second discharge is using a 400 μs long HiPIMS pulse, applied to a balanced Al 

magnetron with a 5 cm diameter, 6.25 mm thick target, in an Ar atmosphere at P =13.5 mTorr. 

The power was supplied by a SPIK2000A pulse power supply, which is capable of providing 

up to 1000 V voltage and 120 A current. The model is first used for a detailed study in Paper 

III of a square voltage pulse at -450 V giving a peak current at 12 A shown in Figure 9 (a) 

[22]. It then followed by two broader studies in Paper IV and V, of electron energization and 

particle balance on the road to self-sputtering, in the same device, with voltages in a wider 

range from 360 V to 1000 V, and with varying current-time profiles as shown in Figure 9 (b). 

The standard ionization region volume in the model for the second discharge is defined by 1cr

=6.1 mm, 2cr =18.8 mm, 1z =0.2 mm, and 2z =6.35 mm.  
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Figure 10. The left side shows the division of the plasma into four different regions, 

from Paper II [34]. The ionization region (IR) is the volume treated in our model. The 

bulk plasma (BP) consists of the rest of the magnetic trap. The anode plasma (AP) is 

the region with open magnetic field lines, those which at least in one end intersect the 

substrate, the anode, or the walls. The right side of the figure shows the currents 

carried by electrons and ions in, and across the borders of the ionization region. 

3. Theoretical models 

In this section we will describe two types of models. The first one is the IRM (the volume 

treated in the model is shown in Figure 10) which has been developed in three steps that we 

herein will refer to as versions IRM I, II, and III. They are defined in Table 2 which also 

shows in which papers the various versions are used. The basic model IRM I is described in 

detail in Paper I but only some of the further developments are found in Papers II and III. In 

Section 3.1, Appendix I, and Appendix II, the final and complete data sets and equations are 

therefore given and discussed in order to make them available to the scientific community. 

The second type of model (in Section 3.2) concerns the current system in the bulk plasma, and 

is used to describe the evolution of the current density based on Rogowski measurements. 

3.1 Development of the ionization region model (IRM) 

In the IRM, a number of model parameters are used to adapt the model to a device, and an 

experimental data set. These are set as constants during the model run. They are shown in 

Table 3. All the model parameters have been firstly sieved by single factor tests. One 

important finding from this is that the model results are generally quite insensitive to the 
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Version IRM I IRM II IRM III 

Fitting parameters PWRF  PWRF , β  IRU , β  

Argon gas treatment cold & hot cold & hot & warm cold & hot & warm 

Plasma treatment M + , eT  M + , eT  M + , 2M + , Ce
T , He

T  

Used in Paper I Paper II & III Paper IV & V 

Table 2. Overview of the development of IRM. (This table contains only variables, 

and species, that differ between the model versions.) 

 

Model 

parameters 

Used in 

IRM 

versions 

Physics Comment 

PWRF  I, II 

fitting parameter 1, first 

version: fraction of the applied 

discharge power that goes to 

energize the electrons 

Does not distinguish mechanisms 

for electron energization. 

IRU  III 

fitting parameter 1, second 

version: potential difference 

across the ionization region 

Gives Ohmic electron heating 

separately. 

Ar
β + , 

M
β + , 

2M
β +  

II, III 

fitting parameter 2: back-

attraction probability of ions 

Not a variable in IRM I where 

RT

IR

S
S

β = . Usually 
Ar

β + = 
M

β +  = 

2M
β +  is assumed. 

1cr , 2cr  I, II, III 
radial extent of the ionization 

region 

Estimated from the light emission 

and race track measurement. 

1z , 2z  I, II, III 

axial extent of the ionization 

region 
1z  is estimated assuming a Child 

sheath, and 2z  is estimated from 

the light emission and the 

magnetic field. 

r  III 
recapture probability of SE Varied in the range of 0.25 < r  < 

0.75 [35]. 

He
T  III 

the “temperature” of the hot 

electron component used to 

The hot electrons have an 

average energy related to (usually 

(table continued below) 
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evaluate the related rate 

coefficients 

1/2 of) the SE energy after 

crossing the sheath. 

htcE  III 

average energy transfer to the 

cold electron population when 

hot electrons ionize 

htcE =10 eV in Paper IV and V is 

a usually assumed value. 

pulseξ  II, III 

fraction of the Ar+  ions 

recombined at the target that 

returns to the IR during a pulse 

Not a variable in IRM I where 

pulseξ =1. 

Hξ  II, III 

fraction of pulseξ  that returns to 

the IR as hot Ar  atoms; 

fraction (1- Hξ ) are warm 

Hot Ar  atoms have energy of a 

few eV, while warm Ar  have the 

target temperature (≤  0.1 eV). In 

IRM I Hξ =1. 

Table 3. Model parameters that are used to adjust the IRM to an experiment and a 

data set. They are kept constant in the model runs. PWRF , IRU , and β  are used as main 

fitting parameters.  

 

assumed values for most of these parameters so that, in practice, only two parameters need to 

be varied in the final fitting procedures. 

3.1.1 The original model IRM I 

The IRM model is based on the time-dependent global (volume-averaged) model developed 

by Ashida et al. [36], which was later extended to model an ionized physical vapor deposition 

(IPVD) process in an inductively coupled plasma assisted magnetron sputtering discharge by 

Hopwood [37], and to describe a HiPIMS process by Gudmundsson [11]. Geometrical effects 

are included indirectly as loss and gain rates across the boundaries to the target and the bulk 

plasma. In the IRM I, these particle fluxes are assumed to be isotropic and proportional to the 

boundary areas. The IRM consists of a set of rate and balance equations, which will be dealt 

with in detail below. The following list presents a simple overview of what equations are 

needed: 

• An energy balance equation, for keeping track of the temperature of the electrons; 

• Density equations of the process gas atoms and ions; 

• Density equations of the sputtered metal atoms and ions; 

• A density equation of the electrons. 
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Reaction Description 

e + Ar → Ar+ + 2e Electron impact ionization of Ar 

e + ArH → Ar+ + 2e Electron impact ionization of ArH 

e + Ar → Arm + e Excitation of Ar to metastable level Arm 

e + ArH → Arm + e Excitation of ArH to metastable level Arm 

e + Arm → Ar + e De-excitation of metastable Arm atoms 

e + Arm → Ar+ + 2e Ionization of metastable Arm atoms 

e + Al → Al+ + 2e 
Electron impact ionization of metal atoms M 

(here aluminum) 

e + Al → Al(4s) + e Inelastic collisions of M to different levels (used 

for calculation of the effective loss of electron 

energy ,c effE ) 

e + Al → Al(3d) + e 

e + Al → Al(4p) + e 

Arm + Al → Ar + Al+ + e Penning ionization 

Ar+ + Al → Ar + Al+ Charge exchange 

Table 4. The plasma reactions taken into account in the basic version IRM I. 

 

The species treated in the IRM I version are ground state cold argon atoms Ar, a return flux of 

recombined Ar+ ions from the target as hot argon atoms ArH, metastable argon atoms Arm, 

argon ions Ar+, metal neutrals M, and singly ionized metal ions M+. The reactions taken into 

account in the model are displayed in Table 4. The densities of the particles that participate in 

the reactions are related by differential rate equations such as Eqs. (1) - (19) below, in which 

the variables are defined in Table 1.  

 

There is one fitting parameter in the IRM I model, PWRF  as shown in Table 2, which 

represents the fraction of the electric power that goes into heating of the electrons. In the 

fitting procedure, this parameter is adjusted so that the current to the target calculated in the 

model best reproduces an experimental discharge current. The electrons are assumed to be 

Maxwellian, and treated as one population in thermal equilibrium with an effective electron 

temperature. For the temporal development of the electron temperature the reader is referred 

to equation 1 in Paper I (or to Appendix I where all equations are given). It has three 

contributions. The first contribution is the externally supplied electrical power input 

( ) ( )PWR D DF I t U t , the second contribution is the surface energy losses, and the third 

contribution is the electron energy change due to inelastic collisions. The metal ion density 
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M+ and neutral metal density M rate equations are given by equation 2 and equation 3 in 

Paper I, respectively. The flux terms ,0MΓ  and ,M diffΓ  to appear below are also explained there.  

 

The density change rate for the cold argon gas atoms is given by equation 4 in Paper I. The 

density rate equations for hot ArH, metastables Arm, and Ar+ were not printed out in Paper I 

and are therefore given below: 

( ) , ,

1,H

H H H H H H
Ar RT

ran Ar e eAr g Ar Ar ex Ar Ar iz Ar
IR

dn S v T m n n n k n n k
dt V L+= Γ − − −                  (1) 

where 2 1L z z= −  is the distance through the IR, taken to represent the typical length that 

particles with a directed flow from the target travel when diffusing out of the IR. ranv  is the 

random velocity of hot argon: 

( ) 2
,

H

H
g

ran Arg
Ar

eT
v T m

mπ
=                                                    (2) 

( )

,
, , ,

,0 , ,0 ,
( ) ( ) ( )

            
( )

mm

H H m m m m

m

m

Ar diffAr
ex Ar e Ar e e P M dex eex Ar Ar iz Ar Ar Ar Ar

M M diff IR RTM M diff M Ar

IR Ar Ar Ar

dn
k n n k n n k n n k n n k n n

dt L
S S nm

V m n n
+ +

Γ
= + − − − −

Γ −Γ + Γ −Γ −
− ⋅ ⋅

+

        (3) 

, , ,m m H H
IRAr Ar

iz Ar e Ar e e chexc Miz Ar Ar iz Ar Ar Ar
IR

dn S
k n n k n n k n n k n n

dt V
+ +

+

Γ
= + + − − .               (4) 

The return flux of recombined Ar+  ions from the target is in IRM I treated as a separate hot (a 

few eV) argon species with a rate of change given by Eq. (1). In addition to the internal 

reactions in Table 4 and changes in Arn  due to the diffusion-driven flow, there is a loss of 

cold Ar and Arm by the sputter wind, the kick-out by collisions with fast sputtered atoms 

coming from the target. This gives the last terms in equation 4 of Paper I, and Eq. (3) above 

which are obtained from momentum balance. The gain in outwards argon momentum is here 

obtained from the reduction of metal momentum flow, giving terms proportional to 

( ,0 ,( )M M diffΓ −Γ  + ),0 ,
( )

M M diff+ +Γ −Γ .  

 

The discharge current is in both IRM I and IRM II calculated from the charged particle fluxes 

to and from the race track, as the sum of the currents carried by the ion fluxes and the 

secondary electron flux (the effect of recapture of secondary emission electrons is not  
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included in IRM I and II): 

(1 ) (1 )calc RT RTAr Ar M M
I e S e Sγ γ+ + + += Γ + + Γ + .                                    (5) 

3.1.2 The improvements to IRM II 

In the IRM I model, it is assumed that the ions are lost by ambipolar diffusion, isotropic 

across all surfaces and at the Bohm speed. In reality, however, although most of the potential 

would fall across the sheath, a fraction of the potential generally penetrates into the ionization 

region [38] which means that the ions have a larger probability to be attracted back to the 

target. To account for this, we have added an adjustable probability β  for the back-attraction 

of ions. The single fitting parameter PWRF  used in IRM I is then replaced by a two 

dimensional fitting space ( PWRF , β ) as described in Paper II.  

 

In addition, we have modified the treatment of the recombined argon ions as they return as 

neutrals from the target. In IRM I, these were assumed to return with an equivalent energy of 

2 eV and are treated in the ionization region as a separate hot argon species HAr . They are in 

IRM II replaced by two components with different temperatures. The two components are: a 

hot component HAr  that returns from the target with a typical sputter energy of a few electron 

volts [39], and a warm component WAr  that is assumed to be embedded in the target at the 

ion impact, and later surface and leave with the target temperature, at most 0.1 eV [40].  

 

A third change in IRM II concerns the sputtered species’ velocity in the z  direction as a 

function of its equivalent temperature MT . In IRM I, we used the average z  speed of an 

isotropic distributions, ( )1/22 /
MT B M Mv k T mπ= , but after consideration, we decided that the 

root mean square velocity ( )1/23 /
MT B M Mv k T m=  better reflects the directed nature of the 

sputtered flow. The ion flux densities RT
Ar+

Γ  and RT
M +Γ  to the target are taken at the Bohm speed, 

as in IRM I, but the β  factors reduce the flux densities to the bulk plasma. Finally, a fraction 

pulse Hξ ξ  (see Table 3) of the recombined Ar+  ions is assumed to return as HAr  during the 

pulse, and the fraction ( )1pulse Hξ ξ−  as WAr . 

 

 The following rate equations become modified from IRM I to IRM II after these changes: 
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, m

BP RT
BP RTM M M

iz M M e P M chexc MAr Ar
IR

dn S S
k n n k n n k n n

dt V
+ + +

+

Γ + Γ
= + + −                     (6) 

self,
,

+
m

RT RT
RT RTM diffM Ar Ar M

iz M M e P M chexc MAr Ar
IR

S Y S Ydn k n n k n n k n n
dt L V

+ + +

+

Γ ΓΓ
= − − − − +        (7) 

( ) , ,

1,H

H H H H H H
RTAr RT

pulse H ran Ar e eAr g Ar Ar ex Ar Ar iz Ar
IR

dn S v T m n n n k n n k
dt V L

ξ ξ += Γ − − −           (8) 

( ) ( ) , ,

11 ,W

W W W W W W
RTAr RT

pulse H ran Ar e eAr g Ar Ar ex Ar Ar iz Ar
IR

dn S v T m n n n k n n k
dt V L

ξ ξ += − Γ − − −       (9) 

( )

,, , ,

,

,0 , ,0 ,
( ) ( ) ( )

            
( )

m

m m H H W W

m

m m

m

m

Ar
e ex Ar e Ar e eiz Ar Ar ex Ar Ar ex Ar Ar

Ar diff
P M dex eAr Ar

M M diff IR RTM M diff M Ar

IR Ar Ar Ar

dn
k n n k n n k n n k n n

dt

k n n k n n
L

S S nm
V m n n
+ +

= − + + +

Γ
− − −

Γ −Γ + Γ −Γ −
− ⋅ ⋅

+

         (10) 

, , , ,

         

H H W W m m
Ar

iz Ar Ar e e e e chexc Miz Ar Ar iz Ar Ar iz Ar Ar Ar

BP RT
BP RTAr Ar

IR

dn
k n n k n n k n n k n n k n n

dt
S S

V

+

+

+ +

= + + + −

Γ +Γ
−

.          (11) 

3.1.3 The further improvements to IRM III 

In Paper IV and V, the model was further improved to include two electron components: a hot 

population and a cold thermal population; and two metal ion components: once ionized metal 

and twice ionized metal. Considering that the secondary emitted electrons in the sheath has a 

possibility to be recaptured back to the target, we also introduce r , the recapture probability 

of electrons [35]. All these parameters are shown in Table 1. 

 

The introduced two electron populations have two effects. First, it will give a more accurate 

account of the efficiency of the energy input in the form of ionization, and thereby modify 

other parameters involved. Typical changes are that the metal ionization degree, degree of 

self-sputtering, and bulk electron temperature decrease while gas rarefaction and plasma 

density increase. All these shifts are, however, only marginal as will be shown below. Second, 

two electron populations makes it possible to quantify the two mechanisms of electron heating: 

energization by accelerating SE in the sheath and Ohmic heating (i.e., electric power 

P = ⋅eJ E  dissipated outside the sheath) in the IR respectively. In IRM I and II the energy  
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                                      (a)                                                                          (b) 

Figure 11. (a) Typical HiPIMS time constants as functions of electron energy and are 

calculated with parameters taken from the second discharge described in Section 2.2. 

(b) Rate coefficients for aluminum [ 41, 42] and argon [ 43, 44, 45] ionization by 

electron impact, both for thermal electrons and for monoenergetic distributions.  

 

equation was 

( ) ( ) ( )e PWR D DP t F I t U t= .                                                  (12) 

In IRM III, the discharge voltage is divided into the part that falls over the sheath and the part 

that drops over the ionization region  

D SH IRU U U= +  .                                                       (13) 

In these volumes the total heating is D SHI U  and D IRI U , respectively. In each volume, the 

electrons get a part that is given by the fraction e DI I  of the current they carry. The earlier 

electron energy source term eP  in Eq. (12) is then split up into sheath heating SHP  and Ohmic 

heating OhmP  

2 2( ) (1 ) e
e SH Ohm SH D IRAr Ar M M

D

JP P P I I U r I U
J

γ γ+ + + += + = + − +                     (14) 

which also defines SHP  and OhmP . /e DJ J  is the volume average in the IR of the fraction of 

the discharge current that is carried by electrons, as illustrated in the right half of Figure 10. 

Notice that there is no 
M M

I γ+ +  term in the first parenthesis on the right hand side because 

M
γ + ≈0 for ion energy range studied here, below 1 keV [46]. In this formulation of the IRM, 

IRU  replaces PWRF  as a model fitting parameter besides β . 
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The time evolutions of the hot and cold electron populations are governed by the time scales 

for electron loss from the IR, the energy loss in inelastic collisions with Ar, and the internal 

thermalization times within the electron energy distribution function (EEDF). Values for these 

time scales are shown in Figure 11 (a), assuming a HiPIMS density 192 10en = ⋅  -3m  and a 

process gas density 204.5 10Arn = ⋅  -3m  (13.5 mTorr). The time scale for electron loss from the 

IR is obtained from [47]. The typical ion loss time is estimated there as 0.4 µs for a discharge 

of almost the same size as our IR. This time should equal to the electron loss time due to 

quasi-neutrality. Since ,e losst  probably not is independent of the electron energy, we give a 

shaded area with an uncertainty within a factor of 3. The time scale for electron loss in 

ionizing collisions with argon is calculated in a range shown by the shaded area, from 50 % 

gas rarefaction (dashed line) to no gas rarefaction (solid line). Time scale of e-e energy 

exchange is calculated based on Spitzer [ 48 ], and here the shaded area gives e-e 

thermalization time for discharges in the voltage range of 360 V DU≤ ≤  1000 V. Let us look 

at some typical time constants. The coulomb-collision energy-equipartition time for 500 eV 

electrons is of the order of ,500e e eVτ − ≈ 4.6 μs while their ionization time (per electron) is of the 

order of ,500e Ar eVτ − ≈0.026 μs. For cool electrons, however, we have faster energy equipartition, 

for example: ,4e e eVτ − ≈ 0.001 μs, ,10e e eVτ − ≈ 0.01 μs, and ,20e e eVτ − ≈  0.37 μs. This means that an 

electron above around 20 eV will lose energy mainly in ionization and other inelastic 

collisions with ions and atoms, while an electron below around 10 eV will more rapidly 

interchange its energy with the cool electron population. Between 10 and 20 eV there should 

be a gradual transition. Electrons with energy above this transition will spend most of their 

energy before they are e-e thermalized into the cool population. 

 

The fate of the injected SE is therefore rather simple. They will start at high energy SHeU , 

then gradually lose energy until they are below around 20 eV when they will disappear from 

the hot population and share their remaining energy with the thermal bulk electrons.  

 

In modeling this process, the electron impact ionization rate coefficient is most important to 

get correct. This is the dominating energy loss process for the hot electrons, and is also 

needed in the ion particle balance equation which determines the bulk electron density. 

Fortunately we here can use the fact that in most of the energy range above 100 eV, the 
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ionization rate coefficient izk  varies only slowly with energy, as shown in Figure 11 (b). As 

long as an electron remains in the hot population, we therefore approximate it with one 

constant rate coefficient. We take that as for a thermal population in which the average energy 

of hot electrons is a fraction HWe
F  of the total input energy, or 3

2H He e
E T=  = H DWe

F eU⋅ . 

Notice that this does not mean we assume the hot population to really have a thermal 

distribution. Rather, we use the fact that the ionization rate coefficient is insensitive to the 

actual shape of the hot EEDF and therefore can be approximated by the easily available 

expression of izk  for a thermal distribution. 

 

An important question is what happens to the electron energy in an ionization event. The 

effective energy cost ,c effE  is lost, and the remaining energy is shared between the two 

resulting electrons in some statistical manner. If one of the two electrons falls below the e-e 

thermalization limit (for example ≈20 eV as estimated above), the hot electron population 

loses both the collisional energy and the energy of this cooler electron. The power balance 

equation for the hot population must therefore include an average loss due to this process. An 

ionization event then gives an energy loss ,( )c eff htce E E+  where htc denotes hot-to-cold. This 

term also provides the energy input of the cold electron population. 

 

The case where both electrons remain in the hot population also needs a comment. Visualize 

an electron’s history as sliding down in energy from the injected beam energy down to the 

cold population. If both electrons after an ionization fall in the hot population, then the initial 

hot electron “jumps over” a distance along the energy axis (to a lower energy position), and 

the other electron “jumps in” at a position to compensate for this reduction in energy. The 

energy reservoir in the hot population, and hence total number of subsequent ionizations, that 

will be produced remains the same as it would have been if the new electron had dropped 

immediately into the cold population. 

 

The density of the cold electrons is in IRM III calculated by the quasi-neutral condition: 

 22C He Ar M M e
n n n n n+ + += + + − .                                             (15)  

The rate equation for the temperature of the cold electron is a straightforward modification of 

equation 1 in Paper I, after revision of the energy input term according to Eqs. (13) and (14): 
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( ) ( )2 2

1 ,

, , ,

3 3
2 2

2 21                
2

3                
2

C

C C m C m

C

C

H Ce IR D D
htc iz dex dex dex iz M P Me e Ar e Ar

D IR

BP BP BP RT RT RT
BP RTAr M M Ar M M

e
IR

Ar c eff iz Are

dT U I Un E v K E k n n E E T k n n
dt U eV

S S
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V

E T k

+ + + + + +

 = + + − − − 
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   − + − +   
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      (16) 

where ( , ,
( ) ( )H H H H H

H H H
iz iz Ar Are e iz Ar e Ar

v n k T n k T n= + +
,

( )W H W
H
iz Ar e Ar

k T n +
,

( )m H m
H
iz Ar e Ar

k T n +

, ( )H
H
iz M Me

k T n + ),
( )H

H
iz M e M

k T n+ +  is the ionization frequency [ionizations m-3s-1] of the hot 

component. 1K  is the average fraction of the current in the ionization region that is carried by 

electrons, with the default value 1K =0.5. As discussed above, the hot electrons are followed 

by a rate equation for the density rather than the temperature or average energy: 
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The rate equation for the density of the 2M +  ions is: 

2 2 2

22, ,C H

BP RT
BP RTC HM M M

chexc Ariz M M e iz M M e M
IR

dn S S
k n n k n n k n n

dt V
+ + +

+ + + + +

Γ + Γ
= + − − .            (18) 

The rate equations for the density of the other species are similar to those given above; the 

complete set of equations is given in Appendix I. The discharge current is in IRM III 

calculated by:  

( ) ( ) ( )2 2(1 1 ) (1 1 ) 2 (1 1 )RT RT RT
calc RT RT RTAr Ar M M M M

I e S r e S r e S rγ γ γ+ + + + + += Γ + − + Γ + − + Γ + − .  (19) 

 

When comparing the results between IRM II and IRM III (see next section) it shows that, 

even though we made quite a number of changes, the output differences between these two 

versions are small. The basic reason is that it is the thermal bulk electrons that contribute most 

to the ionization (see Paper IV). Therefore, adding hot electrons does not dramatically change  
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the results. 

3.1.4 The effects of the choice of model parameters, and of model versions IRM I, II, 

or III 

In order to compare the different versions IRM I~III, we have for this thesis (i.e. not as a part 

of Papers I-VI) fitted them all to the same data set, the one shown in Figure 9 (b). This will 

reveal the effect of the model differences that were summarized in Table 2. Key questions are 

what happens in high power ranges where twice ionized metal and its high secondary 

emission electrons might become nonnegligible. At high power, secondary electrons could 

even become the main energy source for the discharge system and the twice ionized metal 

becomes the main ion to produce them. Furthermore, both the reaction rates and the effective 

energy cost of ionization are different for low and high energy particles, so it is necessary to 

consider both the cold and hot electron populations at the same time. 

 

IRM I has only one fitting parameter PWRF , IRM II has two fitting parameters ( PWRF , β ), 

while IRM III has also two fitting parameters ( IRU , β ). The sensitivities of the energy fitting 

parameters PWRF  and IRU  to the choice of all other model parameters are given in Figure 12 (a) 

with the three versions. The simpler version IRM I gives a higher PWRF  than the more 

advanced IRM II. The physical reason is that, with the isotropic M +  ion losses in IRM I, 

more ions are lost towards the bulk plasma, and more energy is needed to compensate the 

losses. This also leads to a higher eT  in IRM I (Figure 5 (a) in [32]) than in IRM II (Figure 5 

(d) in [34]) in the first experiment modeled (Section 2.1). The unrealistically high PWRF  in the 

IRM I model constrains the internal parameters to develop unrealistically. That’s why IRM I 

fails to reproduce the current curves completely when DU ≥  450 V, as shown in Figure 12 (b). 

For lower power ranges, IRM I was used in Paper I to give some general trends of internal 

parameter variations. But even in this range, we now regard the IRM I results as qualitative 

rather than quantitative. 

 

 IRM II and III have two fitting parameters and both can reproduce all currents very well, 

including the current peak and plateau, as shown in Figure 12 (b). Based on this agreement we 

concluded that, in Figure 12 (a), PWRF  in IRM II is in the proper range, and that IRU  in IRM 

III is in the physical realistic range for the modeled experiment. 
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Figure 12. (a) Sensitivity of the energy fitting parameters PWRF  and IRU  to the choice 

of all other model parameters in the ranges 0.8 < β < 1, 0.25 < r < 0.75, 0 < htcE < 20 

eV, the fraction 0 < recycleF < 100 %, and the dimension of the ionization region 3 cm < 

2z  < 9 cm for IRM I, II, and III. One parameter has been varied at a time with the 

others being kept at their nominal values. (b) The calculated currents in the model 

calculations of IRM I, II, and III. The regions with bad current fits in IRM I are 

shaded in the panels (c)-(e). (c) The ionization degree of argon atoms of IRM I, II, and 

III. (d) The ionization degree of metal atoms of IRM I, II, and III. (e) The electron 

density of IRM I, II, and III. 
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The sensitivity of IRM II and III as reflected by the energy fitting parameters ( PWRF  and IRU ) 

to the choice of the other parameters is also shown in Figure 12 (a). It shows effect of the 

variations of the other model input parameters, namely the back-attraction fraction of ions β , 

the recapture probability of electrons r , the energy from hot to cold electrons htcE , the recycle 

fraction recycleF , and the dimension of the ionization region 2z . Here, recycleF  is a parameter 

that quantifies the argon gas recycling efficiency. The returning fluxes during the pulse of hot 

and warm argon are a fraction ( )pulse Hξ ξ⋅  and ( )( )1pulse Hξ ξ⋅ −  respectively of the total influx 

of argon ions. The most efficient recycling of argon, recycleF =1, obtains when all the argon 

returns during the pulse and at the target temperature. The opposite, the most inefficient 

recycling, corresponds to recycleF = 0, when all the argon returns between the pulses and is not 

involved in the discharge again. recycleF = 0.5 is when all argon, half hot and half warm, returns 

to the discharge during the pulse. From Figure 12 (a), we notice that within rather wide ranges 

of parameters 0.8 < β  < 1, 0.25 < r  < 0.75, 0 < htcE < 20 eV, 0 < recycleF < 100 %, and 3 cm < 

2z  < 9 cm, the PWRF  and IRU  for IRM II and III vary in narrow ranges. This rather flat trend 

of PWRF  and IRU  indicates that the model is quite insensitive to the exact choices of the varied 

model input parameters. Two fitting parameters are both necessary and sufficient. 

 

The best reproduced currents in the model for IRM I, II and III are shown in Figure 12 (b). 

We arbitrarily define the fit as acceptable when the calculated currents match the discharge 

currents within less than ± 20 %. For discharge voltages 360 V DU≤ ≤  400 V, all three 

versions are from this definition applicable. For the higher voltages, however, IRM I could 

only match the first peak of the currents but not the later plateau, while both IRM II and III 

could match the whole peak and plateau stages. Therefore, IRM I fits currents only for the 

lower power range while IRM II and III could fit both the low and high power ranges. Since 

IRM I only fits in the voltage range 360 V DU≤ ≤  400 V, the parameters obtained above this 

range are shaded by a gray cube in the panels 12 (c)-(e). 

 

Figure 12 (c) compares the ionization degree of argon gas between the three versions. 

According to IRM I it has a high peak in the initial stage which rarefies the background gas 

and causes the sudden decrease. This is an artefact due to the low β  value in IRM I, leading 

to most of the ions leaving IR, which greatly reduced the current charge carriers. The argon 
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ionization degrees in IRM II and III are however quite similar, as shown in Figure 12 (c). One 

minor difference is that the first peak of the ionization degree of argon atoms is highest at 650 

V in IRM II, while in IRM III it is highest at 1000 V during the initial stage. This difference is 

connected to an initial burst of the hot electrons that are included in IRM III but not in IRM II. 

  

Figure 12 (d) compares the ionization degree of metal. In IRM I, it peaks at the initial stage 

and decrease suddenly. This is also an artefact due to the low β  value. The value and 

variation of the ionization degree in IRM II and III are however similar, meaning that the 

adding of the doubly ionized metal in IRM III is not critical for this discharge. This topic is 

further discussed in Paper IV. Notice that (compare Figure 9 (b) and Figure 12 (d)), the 

ionization degree of the metal is closely correlated to the trends in the discharge current. 

 

The electron densities in the three versions are shown in Figure 12 (e). The reason for the bad 

current fit of IRM I in Figure 12 (b) can here be identified: IRM I fails to produce the plasma 

density needed to maintain the discharge through the whole pulse. The electron densities in II 

and III are rather similar and follow the current trends closely. 

 

In summary, IRM I is not reliable while IRM II and III generally agree. The most essential 

step of the improvements in Table 2 was the introduction of two fitting parameters. As current 

carriers to the target, the contribution of metal ions monotonically increases with power, while 

the contribution of gas ions first increases and then decreases with the increasing of input 

power (more details in Paper V).  

 

From the comparison above between the three versions of IRM, we conclude that: (1) it is not 

acceptable for quantitative results to have a constant geometrical limited β  as in IRM I. It 

must be adjustable otherwise IRM will fail at high powers. (2) It is not really necessary to 

consider several argon gas components if you don’t develop a gas recycling trap [40]. (3) In 

this discharge when Ohm SHP P>>  see Paper IV [49], there is a rather small influence on the 

discharge if hot electrons are added as a separate component. Therefore, the IRM II 

formulation with only one thermal electron component can give fairly accurate results. IRM 

III is however needed to quantify the tail of the electron distribution, and for determination of 

IRU . (4) There is here a quite small influence from adding doubly ionized metal ions in IRM 

III, since its amount is less than a few percent of the singly ionized metal ions. In summary, 
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IRM II gives rather good results for most purposes, at least in discharges similar to the one 

studied here. However, when modeling even higher power density, target material with higher 

sputter yield and larger cross section for electron impact ionization (such as Ti), or if self-

sustained self-sputtering develops, then twice ionized metal could become important and IRM 

III may be needed. It probably is needed, also, if one studies a discharge with a so low B field 

strength that only a small potentials fall in the IR. There is here a test possibility: if a problem 

is studied with the IRM II and a value PWRF < 0.1 is obtained, then IRM III may be needed. 

But even with the more complicated version IRM III, we still only need minutes on a desktop 

PC to obtain results. 

3.2 Analysis of the current system in the bulk plasma 

The transport of charged particles in HiPIMS is of great interest when optimizing this 

deposition technique with deposition rate and control of the ion acceleration. The transport 

effects are not possible to be implemented in the global IRM, but will be included in future 

transport models of charged particles. An empirical separation of the current system in the 

bulk plasma into different types of current systems has been made in order to describe the 

evolution of the current density according to measurements presented in Paper VI [33] in the 

larger device. The core of this description is three types of current systems, called I, II 

(subdivided into IIa, IIb, IIc and IId) and III shown in Figure 13. It is proposed that transitions 

from one to the other of these current systems reflect changes that characterize the location of 

the ionization, and of the operating transport mechanisms. 

 

The current system of type I dominates the ignition phase of the discharge and is shown in 

Figure 13 (a). It is proposed to be associated with ionization close to the target surface and the 

anode ring. Since the plasma density at larger distances from the target initially is very low 

the current cannot flow through this region, and radial electron cross-B transport dominates. 

Type II currents dominate in a transition stage of the discharge in Figure 13 (b). The 

ionization is here still close to the target surface, but is spread out close to the central axis. 

The electrons can also move further out into the discharge vessel because of a higher plasma 

density there. The electron current flows first along the magnetic field lines and later across in 

the weaker B at higher axial position. Type III is the steady state in Figure 13 (c). The 

ionization is now located rather high above the race track. Before the current reaches the first 

grounded magnetic field line, the electrons go through the bulk plasma and across the rather 

weak magnetic field far from the target. 
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Figure 13. The three types of current systems in the axial-radial plane describe the 

charged particle transport schematically drawn in the topology of the magnetron of the 

larger device. The area of measurements is enclosed in a dashed-line rectangle [33]. 

The grounded anode ring is denoted by the hatched area to the lower right. It defines 

the “first grounded magnetic field line”. The electrons must cross this field line in 

order to close the electric circuit. (a) Current system of type I, (b) current systems of 

type II (IIa-IId), and (c) current system of type III. The curves to the left in panels (b) 

and (c) show schematically the current in the z  direction above the middle of the race 

track for current types IIa-IId and III; in current system type I, that current is zero for 

all z .  
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4. IRM Maple code  

The IRM code is written in Maple. The calculation procedure is shown in Figure 14. We first 

need to set the parameters according to the experimental condition. Then we set the initial 

values for the code. A data set contains rate coefficients and the effective energy cost for each 

ion-electron pair created is needed. All major chemical reactions to our knowledge that cause 

energy and densities change are taken into account. At the last step, the computed results are 

displayed by plotting selected figures. 

 

Figure 15 gives a screen print of how the code looks like in the Maple software. The structure 

of the Maple code is split into several sections, with the sub-section content hidden in each 

pop-up menu as follows: 

Part I: Introduction to the program 

A general introduction of the IRM is here given including the purpose of this code, different 

specific applications, and so on. 

Part II: One example of how to use this program 

In this part, we give an example to show how the IRM is changed to match different specific 

applications. For example, the pressure we are using now is 13.5 mTorr. If the user wants to 

change it to a higher or lower pressure, he or she is instructed to go to the “Plasma parameters” 

section, find the “Density, pressure” subsection, and change the pressure “pmT0 = 13.5” to 

any other value, and then the whole system will be modeled using this new condition. All the 

other parameters can be changed in the same way. 

Part III: Description HiPIMS 

This section gives the version number of this IRM, its particular experimental data sources 

and conditions, the input parameters, and the extra species considered. 

Part IV: Atomic constants 

This section gives some atomic constants, for example, the mass of electrons, gas atoms, 

metal atoms as well as the excitation and ionization potentials, and the elementary charge. 

Part V: Collected a-l-i-a-s  

This section gives all the variables that are going to be solved from the set of differential 

equations, like en , Arn , and Mn  etc.. 

Part VI: Plasma parameters 

This section gives all the external parameters and input initial values. For example, the system 

constants used in the differential equations, the volume, the initial density and pressure, the 
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Figure 14. An organic chart diagram of the calculation procedure exemplified by IRM 

III. 
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temperatures, the secondary emission coefficients, the sputtering and self-sputtering 

coefficients, the recapture probability and back-attraction probability, the discharge current 

and voltage.  

Part VII: Plot applied current, voltage (power) 

The input current and voltage, as well as the power are plotted in this section. 

Part VIII: Modeling 

This section is the most important part of this program; all the former parts are preparations 

for this part. The rate coefficients, fluxes, speeds, and the potential in the ionization region are 

listed in a subsection called “Physical mechanisms”. The set of differential equations are 

listed in a “Differential equation” subsection. Other loss and gain terms of densities of 

different species, calculated self-sputtering parameters Π  and SS recycle−Π , the reduction 

fraction of the deposition rate, and all the other related factors are given here. 

Part IX: Results 

This section exhibits all the results in plots. The users can include or exclude any results they 

want or do not need. For example, one can check how the density and temperature of 

electrons change with time, or how the gas rarefaction develops during the pulse. 

 

To apply IRM to a new experiment, one first has to change the initial conditions of the model 

to fit this particular experiment in Part VI, and in the physical mechanisms subsection of Part 

VIII: discharge voltage, current, volume, initial values, rate coefficients, ionization potential 

and other parameters related to the reactions. Once all these preparations are set, one can run 

the code and plot the desired variables. 
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5. Results and Discussion 

In this section, the main results from the six papers of the thesis are summarized and put in a 

broader context. The Papers I – V that use the IRM model are described before the 

experimentally based Paper VI. 

5.1 Paper I: An ionization region model for high-power impulse magnetron sputtering 

discharges 

In Paper I, the ionization region model, IRM I, is presented for the ionization region above the 

target, in which most of the ionizations take place. The aim of this ionization region model is 

to provide a semi-empirical tool, in which external discharge parameters such as gas pressure, 

pulse form, geometry, etc. can be used as input, the output being internal processes and 

parameters that are often hard to measure. It is important to realize the limited aim of this type 

of model. The purpose is to obtain the evolution of the internal parameters in an actual 

discharge, with a known time development of current and voltage, rather than being able to 

predict their time development by ab initio modeling like [ 50 ] that follows the time 

development from specified starting conditions. Quantitative ab initio modeling is, at the 

present, outside the scope of what is possible for HiPIMS discharges. The version IRM I is 

based on earlier global models [11,36,37], but also introduces three new features: (1) a 

geometric limitation to an adjustable smaller part of the discharge vessel in which most of the 

ionization takes place; (2) a fitting parameter PWRF  is introduced. It physically represents the 

fraction of total input power that goes to heat the electrons (see Section 3.1.1 for details); (3) 

gas rarefaction is included through two argon atoms density rate equations, one for the cold 

component of the working gas, and one for a hot component of recombined Ar+  ions from 

the target (equations in Section 3.1.1). The IRM I version has singly ionized metal atoms, one 

thermal electron population, a collision/diffusion model of gas rarefaction in the low 

collisionality regime, and isotropic ion fluxes at the Bohm speed flow across all the 

boundaries of the ionization region. To illustrate the use of it, it was adapted to experiments in 

the device described in Section 2.1, and some of the internal discharge parameters are 

extracted from it and discussed. 

 

One of the main conclusions is that there are three phases of the discharge, as shown in Figure 

16. The first phase is an ignition and breakdown stage, up to 10-15 μs, which is consistent  
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Figure 16. Results of the first version ionization region model, IRM I. (a) The plasma 

density and the electron temperature. (b) The degree of ionization of argon atoms and 

of metal atoms. (c) The fraction of the discharge current to the target that is carried by 

metal ions, and the fraction of the ion density that is in the form of metal ions. 

 

with the travel time of a uniform plasma to fill the ionization region at the Bohm speed. For 

times shorter than this, the assumed constant size of the ionization region in the IRM I is not 

valid, and in this phase therefore only some qualitative observations can be made. However, 

an important finding is that varying the seed density of electrons only influences the first few 

microseconds of the model output. The second phase is the main pulse stage, following phase 

I. The electron density in this stage changes closely with the discharge current DI  in Figure 16 

(a). The degree of argon ionization increases and reaches a peak, but later than the discharge 

current DI  in Figure 16 (b). This time shift is identified to be due to gas rarefaction. The 

degree of metal ionization has an earlier and broader peak and a higher value, the latter 

because the metal target atoms (aluminum) have much lower ionization potential (5.99 eV) 

than argon (15.76 eV). An important quantity is how far the discharge is from self-sustained 

self-sputtering, a situation in which the self-sputtering parameter exceeds unity 

self 1YαβΠ = >  [51,52], where α  is the probability that a sputtered atom is ionized, β  is the 

probability that it after ionization returns to the target, and selfY  is the self-sputtering yield. 

Extracting α , β  and selfY  from the model gives an average selfYαβΠ = ≈ 0.8×0.3×1.1 ≈ 0.26 

around the active phase of the pulse. This discharge is thus still far from the self-sustained 

self-sputtering regime. Gas rarefaction is one of the new features of this model. It is found to 

be most severe just after the peak current. The time development is identified to be the result 

of the balance between gas refill and ionization losses, combined with sputtering-wind kick 

out. In the post discharge stage III, the energy input disappears. In this phase the plasma 
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density as well as the electron temperature decrease rapidly. The metal ionization degree has a 

little peak here (Figure 16 (b), at 100 μs) since electron impact ionization, Penning ionization 

and charge exchange collisions continue to create M +  ions while there are no sources for new 

neutral metal atoms.  

 

The axial extent 2z  of the ionization region was also varied in Paper I, with the finding that 

the results are only marginally influenced. Thus, the general conclusions above are insensitive 

to this rather uncertain input variable. 

5.2 Paper II: Understanding deposition rate loss in high power impulse magnetron 

sputtering: I. Ionization driven electric fields 

In Paper II, the reason for lower deposition rate for HiPIMS compared to direct current 

magnetron sputtering (dcMS) has been investigated. The focus was on the most common 

explanation, namely the back-attraction of ionized sputtered metal, and its influence on the 

deposition rate reduction. Both experimental and theoretical studies are presented in this work. 

Also here, the larger device described in Section 2.1 is used as the source of experimental data, 

and a developed IRM II version of the model is used for the theoretical analysis. Different 

plasma regions are defined according to Figure 10. The back-attraction of ions with a 

probability β  is the studied mechanism for loss of deposition rate, and therefore the isotropic 

diffusion of ions that was assumed in the original IRM I is not appropriate. The model was 

therefore developed, as described in Section 3.1.2, for variable β . This improvement made 

possible a new parameter fitting procedure that is illustrated in Figure 17. Here the 

experimental discharge data constrains the possible combinations of β  and PWRF  to a limited 

part of the total available parameter space. Combing the two curves in Figure 17 (a) and 17 (b) 

narrows down the possible range of fitting parameters. In Paper II PWRF  = 0.131 combined 

with β  = 0.8 was taken as a standard case. 

 

For this standard case, a closer study was performed, giving internal discharge data as shown 

in Figure 18. This data, and an analysis of the relation between β , PWRF , and the potential 

IRU  across the ionization region, were then used to assess the loss in deposition rate that can 

be attributed to back-attraction of metal ions in this particular discharge. Comparing the 

modeling results with the dcMS case indicates that around current maximum there is a factor  
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        (a)                                                             (b) 

Figure 17. (a) The two-dimensional fitting parameter space ( PWRF  and β ) introduced 

in Paper II. The curve ABC represents the estimated available parameter space, from 

considerations of the discharge physics (Section 2.1 of Paper II). (b) The solid line 

shows at which values of PWRF  the IRM II model gives best overall fit of the currents 

for a given β . The dash lines show the error bars from ± 20 % variations in the 

modeled current from the experimental current. 

 

of 2.7 for the difference in deposition rate. This is consistent with the result found by [20] in 

the same device with an aluminum target. This supports that electric back-attraction is a major 

reason for the reduction of deposition rate. Analysis of the physics using data from this model 

run shows that the electric field zE  responsible for this back-attraction is mainly driven by the 

need for the discharge to maintain a high ionization rate in the ionization region. We therefore 

here propose that such fields are referred to as ionization-driven. (The concept is further 

developed in Paper IV; the physics link between Papers II and IV is the energy balance in the 

IR.) In Paper VI (Section 5.6 below) we discuss another, additional mechanism, namely 

transport-driven zE . It is proposed that “ionization driven” fields ,z ionizeE  dominate in the 

ionization region (being forced by the energy and particle balance conditions), and that 

“transport driven” fields ,z transE  dominate in the bulk plasma region where they are needed to 

close the discharge current by electron cross-B transport. The ionization driven potential 

difference across the ionization region is estimated for the standard case of Figure 18, and is 

shown in Figure 19. Although there is a large uncertainty in this estimate, this result shows 

IRU  potentials consistent with measurements [9,53]. 
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Figure 18. Results from the ionization region modeling of the standard case PWRF

=0.131 and β =0.8. (a) The experimental discharge current and the modeled current. 

(b) The secondary emission coefficient (for argon only, since for metal ions in this 

energy range it is close to zero) and the sputtering yields, calculated assuming that the 

ions impact with the energy DeU  on the target. (c) The average energy sputE  of the 

Ar+  ion sputtered metal, and selfE  of self-sputtered metal, calculated under the same 

assumption. (d) The electron temperature and density. (e) The densities of neutral and 

ionized metal. The straight line marks 50% metal ionization. (f) The degree of metal 

ionization. (g) The contributions of metal ions, and of argon ions, in the discharge 

current to the target. (h) The fraction of the discharge current that is carried by argon 

ions. (i) The relative gas rarefaction, normalized to the initial density 0Ar
n . 



 

39 
 

 
Figure 19. An estimate of the evolution of the potential across the ionization region 

IRU  during the pulse. 

 

In Paper II we also investigated the possibility that there might be a parameter range where 

high deposition rate can be obtained. This possibility is proposed to require that IRU  is at 

most a few eV. In that case Ohmic heating ( P = ⋅eJ E ) in the ionization region would be 

negligible. By considering the argon ion particle balance together with the electron energy 

budget, and inserting data from the standard case into it, we conclude that high deposition rate 

would be impossible in this experiment. 

 

Finally we discuss how the externally controllable parameters influence the back-attraction. 

As a measure of how far a discharge is from an imagined “sweet spot” with high deposition 

rate, a Townsend product TownsendΠ  is proposed. It follows from combining Thornton equation 

[54,55] and the effective energy cost of ionization, and gives the relative change in argon ion 

density during the time it takes to run through one recycle loop. A parametric analysis of 

TownsendΠ  shows that the search for such a sweet spot is complicated by the fact that 

contradictory demands appear for several of the externally controllable parameters. These 

parameters include gas pressure, pulse length, discharge current, discharge voltage, target 

material and magnetic field. Three examples are: (1) Higher working gas pressure could 

reduce both the unwanted probability that electrons become recaptured by the target, and the 

unwanted risk of strong gas rarefaction. However, high gas pressure will also stop and cool 
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sputtered material in the ionization region undesirably. (2) A desirable high Townsend 

product can be obtained by a short pulse, but this is against the whole point of HiPIMS 

discharges aiming at high density of metal atoms and ions. (3) A lower magnetic field 

strength could reduce the zE  field and increase the deposition rate. On the other hand, the 

sputter magnetron effect still needs a strong enough magnetic field otherwise the discharge 

cannot ignite in the desired low pressure. 

 

Notice that already here we can see differences in some of the internal parameters in the same 

discharge even though we can fit current curves perfectly in both Papers I and II. For example, 

the gas rarefaction is rather severe in Paper I due to the constant geometrical limited β ; while 

it is only around 35 % in Paper II. This leads to the electron temperature peak around 

maximum gas rarefaction in Figure 16 (a) (Paper I), while in Figure 18 (d) (Paper II), eT  

shows no steep trend. The differences in detail prove that main trends in Paper I are probably 

all right, but the details are not reliable. 

5.3 Paper III: Gas rarefaction and the time evolution of long high-power impulse 

magnetron sputtering pulses 

Paper III is the first contribution in a sequence of papers that combine IRM model in HiPIMS 

discharges with long pulses. In each paper of this series, we have extracted data from the 

model that is suitable for analyzing one aspect of the physics inside the discharge. Paper III 

treated the argon gas physics, focusing on gas rarefaction at low power densities. Paper IV 

treated plasma electron physics, focusing on the relative importance of Ohmic heating of 

electrons that carry current in the bulk plasma, P = ⋅eJ E , as compared to sheath energization 

of SE that accelerate across the sheath. Paper V mainly concentrates on the sputtered species 

where we map out the route from a low degree of self-sputtering up to close to self-sputtering 

runaway. 

 

In Paper III, the IRM II model is further refined by an improved treatment of the neutralized 

argon atoms returning from the target as described in Section 3.1.2.  This version of the model 

is adjusted to fit experiments in the smaller device with longer current pulses, which are 

described in Section 2.2. The experimental data is in Paper III limited to a voltage range in 

which no doubly ionized metal atoms are expected (the study is extended to higher currents 

with multiply ionized species added in the model in Papers IV and V). 
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Figure 20. Model fitting as that in Figure 17 to experimental data in Paper III. The 

line (b-e) shows, for given values of the ion back-attraction probability β , the value 

of the electron energy fraction PWRF  where the ionization region model gives the best 

overall fit of the experimental discharge current through modeling. The red thick line 

shows the range with really good fits of the whole pulse. The dashed rectangle defines 

an independently estimated constraint of β  and PWRF  from the experimentally 

determined potential profile. 

 

We here first determined the two fitting parameters PWRF  and β  with similar method as that 

used in Paper II, see Figure 20. Since the experimental condition has changed a lot from the 

larger device used in Papers I-II, the parameter ranges are different, but also here there is a 

range where the experimental and the modeling currents agree. We pick PWRF =0.099 and β

=0.9 as the standard case here. An overview of the model results for this combination is 

shown in Figure 21. 

 

Gas rarefaction is explored in Paper III using the model output data in Figure 22. The 

rarefaction rate is found to be fastest at the maximum discharge current, but the maximum 

absolute value appears 40-60 μs after the current maximum (curve (a)). Then the gas density 

increases, back to a constant value which lasts during the whole current plateau phase. After 
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Figure 21. Results in Paper III. (i) The experimental discharge current (a) and the 

modeled current (b). (ii) The electron density. (iii) The electron temperature. (iv) The 

total neutral argon gas density (c), the argon ion density (d), the hot recombined argon 

density (e) and the metastable argon density (f). (v) The degree of ionization of the 

sputtered species (g) and the degree of ionization of argon (h). 

 

 
Figure 22. The gas rarefaction and refill processes exemplified by a case where all 

recombined Ar+  ions return as ArH. On both sides, curve (a) gives the argon gas 

density for reference. The other curves in the left panel show the fluxes across the 

borders of the ionization region expressed as volume loss rates. Curve (b): diffusional 

refill of cold argon from the bulk plasma. Curve (c): returning ArH from the target. 

Curve (d): escaping ArH to the bulk plasma. The right panel shows the reaction rates 
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for losses and gains of neutral argon atoms due to collisions inside the ionization 

region. Curve (e): The charge exchange term × 10. Curve (f): electron impact 

ionization of the hot ArH component. Curve (g): the kick-out of cold argon atoms by 

the sputter wind. Curve (h): electron impact ionization of cold argon gas. 

 

pulse off, the gas density gradually returns to its original value by gas refill. The whole gas 

rarefaction process is mainly a balance between the electron impact ionization loss (curve h), 

the sputter wind kick-out loss (curve g), and the refill gain (curve b). All argon atoms that are 

ionized obviously disappear from the cold argon population. A fraction β  of these ions hits 

the target, picks up an electron, and (for the moment assuming WAr
n =0) returns to the 

ionization region as a part of the hot population HAr
n  influx (curve c). However, notice that 

this influx is almost balanced by an out flux (curve d). 

 

The fate of the argon ions after hitting the target is a key problem where the exact relation 

between the immediately returning HAr
n  and the embedded and eventually released WAr

n  is 

still an open question [40]. To explore the range of uncertainty in this respect we picked two 

extreme and one intermediate cases. The result is shown in Figure 23. The conclusion is that 

the recombined argon population is so small that the uncertainty regarding the relation 

between HAr
n  and WAr

n  has no significant influence to the gas rarefaction process. 

 

One important result of these simulations is that the temporal variation of the plasma density 

in the ionization region (Figure 21 (ii)) closely follows the discharge current, and that this 

result is almost independent of the values of PWRF  and β . This provides a simple way to 

estimate en  without detailed modeling. After pulse off, the density decreases quickly due to 

diffusion. The electron temperature (Figure 21 (iii)) varies a little during the high current 

transient, and is then close to constant during the plateau. After pulse off, the electron 

temperature drops fast when the energy source has been cut off. Also the ionization fraction 

of the sputtered species (Figure 21 (v)) varies only a little with PWRF  and β . It peaks in phase 

with the high current peak, due to the higher plasma density, which gives a higher probability 

of ionization. This fraction is about an order of magnitude larger than the argon ion fraction 

due to the difference in the ionization potential, 5.99 eV for aluminum and 15.76 eV for argon 

as mentioned before.  
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Figure 23. Gas rarefaction calculated with different assumed fates of the argon ions 

after hitting the target and recombining. Panel (a) is extreme 1, in which 100 % of the 

argon atoms are returned after recombination with typically 2 eV energy. Panel (b) 

represents an intermediate case, where 50 % are returned after recombination and 50 % 

penetrate. Panel (c) is the other extreme, in which 100 % of the argon atoms penetrate 

and are released with the target temperature, corresponding to an energy ≤0.1 eV. 

 

 
Figure 24. An estimate of the part of the reduction of the deposition rate that can be 

attributed to electric back-attraction of ions. 
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The degree of self-sputtering is quantified using the self-sputtering parameter selfYαβΠ =  

proposed by [40]. It is always lower than unity (maximum at around 0.6) meaning that the 

pulses studied in Paper III are always well below the threshold for self-sustained self-

sputtering. 

 

The deposition rate reduction that was the main topic in Paper II is also estimated in Paper III, 

but here including the time development during the pulse. It is shown in Figure 24. The 

estimated reduction rises from an initial low value to a peak, and then decreases to a plateau 

during the plateau phase of the current pulse. Understanding such temporal behaviors opens a 

possibility to optimize the deposition rate by picking a proper pulse length. 

5.4 Paper IV: On sheath energization and Ohmic heating in sputtering magnetrons 

The most advanced version of the IRM model is IRM III, introduced in Paper IV, with two 

populations of electrons and metal ions, as described in Section 3.1.3. The experiments in the 

smaller device and longer current pulses described in Section 2.2 are fitted in this version of 

model. However, we here extend the model to simulate a large range of voltage-current 

characteristics instead of only a single pulse at low voltage, as shown in Figure 25. 

 

Figure 26 shows 3 examples at different discharge voltages of choosing the fitting parameter 

( ,IRU β ) ranges. Notice that IRU ≥ 80 V for all these fits. The sputtered atoms (a few eV 

energy) and the process gas atoms (less than 0.1 eV energy) have much less energy than this 

potential difference. It is therefore sufficient to draw most of metal and gas ions with these 

original energies back to the target. This motivates a restriction of β  to high values as 

marked by the dashed rectangles in Figure 26. 

 

A set of internal parameters is used to analyze the physics inside the discharge, as shown in 

Figure 27 for the cases A, B and C introduced above. We start with the different routes of 

electron energization. The dominating ions that hit the target and emit secondary electrons are 

Ar+ , Al+  and 2Al + . Their secondary emission yields are approximately Ar
γ + ≈ 0.1 [ 56], 

Al
γ + ≈0, and 2Al

γ + ≈ 0.2 [46] respectively, neglecting a small ion energy dependence (included 

in the model). In the sheath, the fractions ,e SH DI I  of the total dissipated electric power 

SH D SHP I U=  goes to the electrons are shown in Figure 27 (d). For cases A, B and C, the  
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Figure 25. Plots of modeled HiPIMS discharge currents: an example of modeled 

currents model ( )I t  obtained by appropriate choices of the fitting parameters IRU   and 

β . (Compare to the experimental currents in Figure 9 (b).) 

 

 
              Case A                                           Case B                                            Case C 

Figure 26. Model fitting to experimental data, showing UIR versus β , for three cases. 

Case A is in the low power dcMS range, case B is half the way to self-sputtering, and 

in case C the discharge is run mainly in the vapor of the sputtered target atoms. Solid 

curves show the combinations ( ,IRU β ) of the fitting parameters for which good fits, 

model exp( ) ( )I t I t=  within typically 5 % for the whole pulse, are obtained. Examples of 

such fits, with β =0.9, are shown in Figure 25. As described in the text this range can 

be further restricted to the dashed (red) rectangles by physical arguments. 
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               (a)                                 (b)                                  (c)                                  (d) 

Figure 27. The time variations during a pulse for selected internal discharge 

parameters, for the three cases in Figure 26. (a): The degree of gas rarefaction. (b) and 

(c): The degree of self-sputtering as reflected by the fraction of the total current, in the 

sheath, that is carried by singly and doubly ionized aluminum ions. (d): The fraction 

of the total current in the sheath that is carried by secondary emitted electrons. 

 

energy efficiency for sheath energization of electrons is typically below 3.5 %, 2 %, and 1 % 

respectively. These decreasing values with increasing power are due to the dependence of 

secondary emission yield of the mixed ion species. For low power case A, Ar+  ions carry 80 % 

of the discharge current, Al+  20 % and 2Al +  is negligible as shown in Figure 27 (b) and (c). 

This gives a sheath energy efficiency in the order of , /e SH SHP P (1 )rγ≈ − ≈  (0.1×0.8+0×0.2+ 

0.2×0)(1- 0.5) = 4 %, in agreement with curve A in Figure 27 (d). Similarly, the intermediate 

power case B is in the order of , /e SH SHP P ≈2.5 % and the high power case C in the order of 

, /e SH SHP P ≈ 0 % as in Figure 27 (d). In case C the discharge is dominated by doubly charged 

2Al +  ions only during a few tens of sµ after the ignition, so the electron current in the sheath 

and the sheath energization efficiency drop close to zero. The minor role of 2Al +  ions is due 

to the lower electron temperature in this aluminum vapor, which almost totally replaces the 

argon gas. Almost all of the Al+  ions are evacuated to the target before becoming ionized to 
2Al + , which is a slow process due to the high threshold energy (18.82 eV). The discharge can 

still burn, also with negligible secondary electron emission, only for the reason that sheath 

energization is replaced by Ohmic heating (i.e., electric power P = ⋅eJ E  dissipated outside 

the sheath). 

 

We next look at the fraction of Ohmic heating in the total electron energization in the 

discharge. Figure 28 (a) shows the Ohmic heating fraction extracted from all model runs,  
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                                        (a)                                                                            (b) 

Figure 28. Electron heating and the resulting relative contributions to ionization, as 

functions of time at all discharge voltages: from 360 V to 1000 V. (a) The fractions of 

the total electron heating that is attributable to Ohmic heating in the IR. (b) The 

fractions of the total rate of ionization that is attributable to the cold electrons. 

 

showing that it is always above 80 % throughout the whole range of discharge powers. This 

means the cold population of electrons dominates in the ionization process, since the Ohmic 

heating goes to the cold and the sheath energization goes to the hot. Figure 28 (b) shows that 

the fraction of the total ionization by the cold thermal electrons increases from about 65 % to 

almost 100 % from lowest power densities to the highest. 

  

Figure 29 shows the discharge voltage in the IR ( IRU ) and the sheath ( SH D IRU U U= − ) plotted 

as a function of the discharge voltage. The DU  increase falls almost completely over the 

sheath region, instead of penetrating into the ionization region in the model. In steady state, 

when that Ohmic heating in the IR is the main energy source for the electrons, we derive an 

approximate formula for the voltage drop across the IR 

,
3
2

0.5

c eff e

IR

E kT
U

eβ

+
≈ .                                                     (20) 

The instantaneous values of ,c effE  (effective energy cost of ionization) and eT  (electron 

temperature) are extracted from the model runs at t =300 sµ in the plateau phase, assumed 

most likely to represent a steady state. The resulting IRU  is shown in Figure 29 with a dashed 

red line, while the model results shown as a solid black line. The good agreement between 

these two calculations of IRU  means that the approximations leading to Eq. (20) are sound: 

inelastic collisional losses inside the ionization region are compensated by Ohmic heating. 
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Figure 29. Model results regarding the distribution of the applied discharge voltage 

over the sheath and the ionization region. Solid curve: IRU  for all modeled pulses, 

with β = 0.9. Dashed (red) curve: the estimation of IRU  from Eq. (20). 

 

Measured potential profiles in HiPIMS, in the range of IRU ~ 100 V for Nb target [57] and 45 

< IRU < 180 V for Ti target [58], are consistent with Eq. (20), according to which a similar 

IRU  is expected if the costs of ionization are similar. Potential drops of the same order have 

also been reported from bipolar pulsed magnetron discharges with larger duty cycles and with 

lower pulse powers than HiPIMS [59,60].  

5.5 Paper V: On the road to self-sputtering in high power impulse magnetron sputtering: 

particle balance and discharge characteristics 

Following Paper IV and based on the same range of power densities, this paper has studied 

the onset and development of the self-sputtering (SS) process in HiPIMS. Curve A-B-C in 

Figure 30 (a) shows a HiPIMS current-voltage characteristic consistent with classical 

characteristic in [4]. It can be characterized by two power law fits, n
D DI U∝  with kink at B 

between them. Figure 30 (a) also shows the important time aspect of the HiPIMS pulses 

missing in the classical current-voltage characteristic: a change from one type of curve A-B-C 

to another A’-B’-C’ with time. There is a “reversed kink” in the plateau phase (at B’ in Figure 

30 (a)). 
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Figure 30. (a) The current-voltage-time characteristics with the transitions to self-

sputtering marked by stars where the metal ion current to the target is half the 

discharge current. Dashed line A-B-C is the current-voltage characteristics evaluated 

along the initial peak; and A’-B’-C’ in the middle of the plateau, at 300 sµ . The 

curves are shaded blue in the argon dominated phase. (b) The same data with better 

time resolution (0 - 40 µs). 

  

For the analysis of the connections between the characteristics and the internal physics, two 

parameters are introduced: 

 

• (1) A critical current critI  for argon gas at room temperature [61]: 

0.39crit RT crit RTI S J S P= ≈ ⋅                                              (21) 

where RTS  is the race track part of the target area in cm2. In our case ( P =1.8 Pa, RTS ≈ 10 

cm2) the critical current is critI ≈  7 A. The critical current critI  is a practical parameter to 

approximately characterize a discharge with respect to the degree of self-sputtering: one can 

expect the onset of self-sputtering during a pulse at a time when the current at the race track 

exceeds critI≈ ; above around 2 critI  the discharge is probably always well into the self-

sputtering mode. The kink B at the current peak occurs far into the self-sputtering mode while 

the reversed kink at B’, in the plateau phase, is close to the transition to self-sputtering. 

 

•     (2) An extended self-sputtering parameter which gives the relative amplification of a 

“primary” Ar+  ion current due to the effect of multiple sputtered species recycling: 

1
1

Ar
SS recycle

self

Y
Y

+

−

Π
Π = + ⋅

−Π
.                                              (22) 
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Figure 31. (a) The self-sputtering parameter selfYαβΠ = , separately calculated for 

singly charged M +  and doubly charged 2M + . (b) The self-sputter recycling factor 

SS recycle−Π  of Eq. (22), for M + . 

 

Momentary values of Mα , 
M

β + , Ar
Y +  and selfY  have been extracted from the model and used 

to calculate both Π  and SS recycle−Π  which are given in  Figure 31 (a) and 31 (b), respectively. 

From the right hand panels of these figures (corresponding to the plateau phase) the reversed 

kink at B’ is seen to be due to a trend change in SS recycle−Π  rather than any particular feature in

Π .  An almost linear increase of SS recycle−Π  begins around 450 V and, as a direct consequence, 

M
I +  (not shown here) begins to grow more rapidly than before as a function of voltage. We 

conclude that the reversed kink in the plateau D DI U−  characteristics is associated with the 

onset of self-sputter recycling, and that this in turn happens when the recycling parameter 

SS recycle−Π  of Eq. (22) begins to significantly exceed unity. 

 

Figure 30 shows an overview of the experimental data in which the current profiles are filled 

blue in the argon dominated mode, and white in the self-sputtering mode. To highlight the 

transitions, these are marked by stars on the individual curves. All stars fall in a rather limited 

range, 3 A ≤  DI ≤  11 A, and the critical current critI  in Eq. (21) is right in the middle of this 

range. It also shown in Figure 30 that the transition to metal dominated phase, when it occurs, 

happens typically at one third of the time it takes to reach the current peak.  
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Figure 32. The timing of events shown in relation to the gas rarefaction process: gas 

rarefaction curves, with the times for the transitions to self-sputtering (when / DAr
I I+ = 

0.5), the initial current peaks, and minimum gas density marked.  

 

Figure 32 shows examples of gas rarefaction curves from the full range of voltages. Stars 

mark the times of transitions into the self-sputtering regime, red dots at the times of first 

current peaks, and squares at the times of minimum gas density. A time sequence always 

holds: if a transition to self-sputtering occurs, this happens on the rising flank of the current. 

The current peak comes second, and a minimum in gas density third. 

 

With increasing pulse power, the discharge can be described as following a route towards 

self-sustained self-sputtering. Here we use Π  and SS recycle−Π  in Eq. (22) to identify the 

internal physics. For low power, the self-sputtering degree increases with pulse power mainly 

due to an increasing probability of ionization Mα  in M selfM
Yα β +Π =  (see Figure 33 (a)). This 

is a volume effect, located in the plasma region. At a peak power density around 21 kW/cm≈  

this probability of ionization saturates around Mα ≈ 0.7. For even higher powers the main 

mechanism to further increase the degree of self-sputtering is found in the sheath, in the form 

of increased self-sputter yield selfY . Accumulated (many-cycle) recycling by repeated 

ionization and back-attraction to the target becomes increasingly important for the sputtered 

material (but never for the argon process gas). 
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(a)                                                                     (b) 

Figure 33. (a) Mα , 
M

β + , and selfY  as functions of the discharge voltage. (b) eT  at the 

current peak and in the plateau. 

 

We also find a monotonic decrease of the electron temperature with increasing pulse power, 

as shown in Figure 33 (b). Since low eT  disfavors ionization of species with high ionization 

potential, the current to the target at the highest pulse power has negligible contributions both 

from argon ions and doubly ionized sputtered atoms. As a consequence, at the highest pulse 

power the current to the target is carried mainly by singly ionized sputtered species. Since 

they have close to zero secondary emission yield, there are only small contributions, both to 

the current and to the energy budget of the discharge, from secondary emitted electrons. 

5.6 Paper VI: Internal current measurements in high power impulse magnetron 

sputtering 

In addition to the electric fields in the ionization region maintained by the need to energize 

electrons (Paper IV) and ionize (Paper II), electric fields in the plasma might arise from the 

need for the discharge current to cross the magnetic field. Such transport driven electric fields 

can arise in the ionization region, the bulk plasma, and the anode plasma as defined in Figure 

10. Also these fields influence the deposition rate through ion back-attraction. Key 

experimental data to explore this are the internal current densities and, in particular, the ratio 

between the cross-B current component DJ ⊥  (in the ( ,r z ) plane) that carries the discharge 

current, and Jϕ , the azimuthal Hall component [31]. These have been measured in the larger 

device described in Section 2.1, using 200 μs pulses and with copper as the target. 
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Figure 34. Analysis of the measured current densities in terms of how the current is 

transported in and out of the investigated regions. (a) At t=30 μs during the breakdown 

phase. (b) At t=60 μs during the maximum of the discharge current. (c) At t=85 μs 

during the decay of the discharge current. Two cylindrical volumes and the net current 

flow across their boundaries, between z  coordinates 0-4 cm and 4-8 cm, are shown. 

The areas of the block arrows are proportional to the current, which are also given as a 

percentage of the discharge current. The ellipses above the target race track represent 

the cross section of the dense plasma torus, as inferred from the azimuthal (Hall) 

current density. 
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Figure 35. Measurements of / zJ Jϕ = ge EFFω τ  above the race track, at 30, 60, 85, 100 

and 130 μs into the pulse, versus distance from the cathode surface. The curve marked 

(a) shows the averaged experimental data. For reference, two values of classical 

/ zJ Jϕ  are also given, from classical electron neutral collisions (b), and from 

combined electron neutral and Coulomb collisions (c), as well as the Bohm-value 

/ zJ Jϕ = 16 (dashed). The Bohm region, 8 < / zJ Jϕ < 30, as well as the faster-than-

Bohm region (super-Bohm), 1.5 < / zJ Jϕ < 5.5, appear as shaded areas. 

 

Spatially and temporally resolved internal current densities (azimuthal Jϕ  and axial zJ  

directions) in the bulk plasma region were obtained using Rogowski coils, and results in an 

overall picture of how the current is redistributed during the pulse is given in Figure 34. There 

are three types of current systems. Type I dominates the ignition phase of the discharge, with 

the ionization close to the target surface and the anode ring. Type II obtains during a transition 

stage of the discharge, during which the plasma expands away from the target surface and 

electrons can move along the magnetic field lines and through the bulk plasma region. Type 

III corresponds to the steady state, with ionization above the race track and electron currents 

across B far from the target in the bulk plasma. The detail analysis is already described in 

Section 3.2. 

 

Since this set of measurements does not contain rJ  (radial direction), DJ Jϕ ⊥  can only be 

evaluated above the race track where the B field is parallel to the target and therefore 
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D zJ J J Jϕ ϕ⊥ ≈ . The result is shown in Figure 35. The relation between this parameter and 

the anomalous transport was analyzed in [31,62]. The anomalous cross-B resistivity is related 

to the effective electron momentum transfer time EFFτ  through 

2
e

EFF e ge EFF e

m B
e n en

η
τ ω τ⊥ = =                                               (23) 

where /ge eeB mω =  is the electron angular gyro-frequency. The product ge EFFω τ  can be found 

from measurements of the current density ratio. The physical relation between η⊥ , ge EFFω τ , 

and / DJ Jϕ ⊥  is that an increased transverse resistivity (counter intuitively) gives increased 

cross-B (Pedersen) conductivity and enhanced diffusion of electrons, causing a lower ratio of 

current density / DJ Jϕ ⊥ .  

 

A few observations can be made regarding Figure 35. There are, in time, only small variations 

within a factor of two. There is instead a spatial systematic variation, where / zJ Jϕ  increases 

while approaching the target. This second variation is such that ge EFFω τ  scales approximately 

as the inverse magnetic field strength B which is the classical scaling with constant collision 

time. Here, however, the collision time is much faster than the classical one. 
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6. Conclusions and a look forward 

The ionization region model IRM is a global plasma chemical model, which has been 

developed for the ionization region in sputtering magnetrons. It is constructed so that 

parameters for different discharge geometries, pressure, target material, electric pulse forms, 

and process gases can easily be implemented. A set of differential equations gives the density 

of different species as well as the energy of electrons as a function of time. The purpose is to 

provide a semi-empirical tool where external discharge parameters can be used as input and to 

draw conclusions regarding internal parameters and processes that are more difficult to 

measure. 

 

The model has been run for two different experiments. The first one is in a larger volume ( 1cr

=2 cm, 2cr =7 cm, 1z =0.1 cm, and 2z =3 cm) under a pressure of 4 mTorr. The peak current is 

100 A, the peak voltage is -800 V and varies in time, and the pulse length is 100 μs. The target 

used is aluminum. The second one is in a smaller volume ( 1cr =6.1 mm, 2cr =18.8 mm, 1z =0.2 

mm, and 2z =6.35 mm) under a higher pressure of 13.5 mTorr. The peak current varies from 3 

A to 35 A, the voltage is constant in time during each pulse and is varied from 360 V to 1000 

V, and the pulse length is 400 μs. The target used here is also aluminum. 

 

By running the model for these cases, we obtain internal discharge parameters. One common 

feature of these discharges is that they all go through three phases. The first phase is an 

ignition and breakdown stage, which is consistent with the travel time to fill plasma into the 

ionization region at the Bohm speed. The second phase is the main pulse stage, for long pulse 

discharges subdivided into transition and steady sub-stages, and the final phase is post 

discharge stage, when the energy input disappears. 

 

For some cases, we have made deeper studies. In Paper I, we presented a basic model version, 

herein called IRM I, and identified trends and shapes of some internal discharge parameters, 

such as the degrees of metal and argon ionization, the degree of self-sputtering, and the 

mechanism of gas rarefaction. For Paper II, the improved version IRM II is used and the key 

improvement is adding a second fitting parameter. By comparison between these two versions, 

we notice that one fitting parameter is not enough, two is enough, while more than two is not 

really needed. We also in Paper II study the low deposition rate for HiPIMS, and the 
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possibility to obtain a ‘sweet spot’ with high deposition rate in reality. Papers III to V use the 

second experimental data set. In each paper from Paper III to V, we have extracted data from 

the model that is suitable for analyzing one aspect of the physics inside the discharge. Paper 

III contains a broad study of parameters of interest: en , eT , degree of metal ionization, degree 

of self-sputtering, and variations in deposition rate during a pulse. It also contains a 

preliminary study of gas rarefaction which was extended to higher power in Paper V. Paper 

IV treated plasma electron physics, focusing on the importance of Ohmic heating of electrons 

that carry current in the bulk plasma, ⋅eJ E , as compared to sheath energization, i.e., the 

acceleration across the cathode sheath of secondary emitted electrons. In Paper V, we 

concentrated on the sputtered species and mapped out the route from a low degree of self-

sputtering to SS runaway. 

 

In Paper VI a description of the current system is presented based on measurements in the 

first device with copper as the target. An attempt is made to identify the physics behind the 

evolution of the current density. Based on the net current flows across the different boundaries 

of the investigated region, we proposed three types of current systems in the axial-radial plane. 

Also using the current density data and the ratio of the current density at different directions, 

the anomalous cross-B transport parameter ge EFFω τ  is mapped out above the race track and as 

a function of time. The existence in HiPIMS of faster-than-Bohm cross-B electron transport is 

confirmed. 

 

This concludes my contributions so far to the field of HiPIMS physics. There are however 

several things that should be added and investigated in the near-future concerning the 

development of the IRM code: 

 

(1) It would for example be very interesting to take other target materials besides Al. We 

can apply IRM for e.g. Ti where runaway has been observed [22] and investigate the key 

physical mechanisms. It is interesting to check if we can make a model to achieve 

discharge runaway, or if doubly ionized metal will appear for other target species than Al. 

In addition, I would also like to improve the model further with the aim to more fully 

understand the underlying mechanisms for operation and optimization of the HiPIMS 

discharge. 
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                          (a)                                                                             (b) 

Figure 36. (a) The calculated current under free mode from IRM III. (b) Current 

pulses near the threshold for self-sputtering runaway taken from [61]. 

 

(2) It can be useful to combine the IRM and the bulk plasma transport model of Brenning 

et al. [63]. In the present work we have discussed the electric field from different angles: 

ionization driven electric fields, transport driven electric fields, and electric fields 

determined by energy optimization. We have clarified that there is strong ionization in 

the same region as where electric fields are needed for electron transport. These aspects 

should be unified and the challenge here is to combine IRM with the bulk plasma 

transport model. The plasma density and some other physical parameters in IRM give the 

ionization driven field and the energy budget field; the ge EFFω τ  parameter and the bulk 

plasma model give the transport driven field, together they should be combined into a 

unified model. 

   

(3) We normally run the IRM in a constrained mode, in the sense that it is adapted to an 

existing discharge through fitting of the voltage-current characteristics. However, we also 

can run the code in a free (self-consistent) mode. This mode is in principle analogous to 

the models of [50]. So far, this does not give a quantitatively reliable output: if we go 

from the “locked” mode to the free mode in the middle of the pulse, the remaining pulse 

can depart significantly from the real case. However, dynamical features like stability and 

oscillations might be studied by this version of the model. Figure 36 (a) shows an 

intriguing example: the current is calculated under the constrained mode from 0 to 200 μs, 

but under the free mode after 200 μs. When we increase the discharge voltage to a value 
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larger than 1000 V (we intended to force the discharge towards self-sputtering runaway), 

the system instead begins to oscillate. Oscillations with similar frequencies have been 

experimentally observed in [61], as shown in Figure 36 (b) for a Nb discharge in HiPIMS. 

The reason and mechanism can be further investigated in the near future. 
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Appendix I. Species considered, input free parameters, and mathematics in the model 

The different species considered in different model versions are shown in Table 5. IRM I 

contains the fewest species with the simplest physics as described in [32].    

Species IRM Physics Comment 

e  I, II electron cold thermal population 

He  III hot electron 
secondary emission electrons 

from the target 
Ce  III cold electron bulk thermal electron 

Ar  I, II, III argon atom cold (thermal) 

HAr  I, II, III hot argon atom 

argon ions that return with a few 

eV energy from the target after 

recombination  

WAr  II, III warm argon atom 

argon ions penetrate the target 

surface, displace atoms, and then 

slowly diffuse back to the surface 

and escape at lower energy ≤  0.1 

eV (the target temperature) 
mAr  I, II, III metastable argon atom cold (thermal) 

Al  I, II, III metal atom sputtered energy distribution 

Al+  I, II, III once ionized metal ion sputtered energy distribution 
2Al +  III twice ionized metal ion sputtered energy distribution 

Table 5. Model species. 

 

The differential equations in the model are shown in Table 6. Here, V  is volume, S  is 

surface, k  represents rate coefficient, n  is density, Γ  is flux, and .c effE  is the effective loss of 

electron energy. 
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density

/ 

energy 

IRM differential equations 

Combinations of 

species in the 

iS
∑ (i=1,2,…12) 

notations below. 

1 ,S Ar M+ += ; 2 , , ,m HS Ar Ar Ar M= ; 3 , , , ,m H WS Ar Ar Ar Ar M= ; 

2
4 , ,S Ar M M+ + += ; 5 , , , , ,m H WS Ar Ar Ar Ar M M += ; 6 , ,mS e Ar Ar+= ; 

7 , , ,C H mS e e Ar Ar+= ; 8 ,C HS e e= ; 9 ,S e M= ; 10 ,S M M += ; 11 , ,C HS e e M= ; 

2
12 , ,S M M M+ += . 

eT  I 

1

1

2 2 2

2

, , , ,

3
2 2

3 3
2 2

m

m

S IR
Se eD D

e PWR dex dex e Ar
IR IR

S c eff e iz S e S dex iz M e P MAr
S

S
dT TI Un F E k n n
dt eV V

E T k n n E E T k n n

Γ
= − +

   − + + − −   
   

∑

∑
 

eT  II 

1 1

1 1

3 3 3

3

, , , ,

3
2 2

3 3
2 2

m

m

BP RT
S BP S RT

S Se eD D
e PWR dex dex e Ar

IR IR

S c eff e iz S e S dex iz M e P MAr
S

S S
dT TI Un F E k n n
dt eV V

E T k n n E E T k n n

Γ + Γ
= − +

   − + + − −   
   

∑ ∑

∑
 

Ce
T  III 

4 4
4 4

5 5 5
5

1

, , , ,

3
2 2

3 3                
2 2

C C

C C m

C C C m

BP RT
S BP S RT

S SH Ce eIR D D
htc iz dex dexe e Ar

D IR IR

C
S c eff iz S S dex iz M P Me e e Ar

S

S S
dT TU I Un E v K E k n n
dt U eV V

E T k n n E E T k n n

Γ + Γ
= + − +

   − + − − −   
   

∑ ∑

∑
, 

where 
5 5

5

, H
H H
iz iz S S e

S
v k n n=∑ . 

en  I, II e Ar M
n n n+ += +  

Ce
n  III 22C He Ar M M e

n n n n n+ + += + + −  

He
n  III 

( ) ( )

( )

2 2

5 5 5

5

, , ,

1 11
2

        

H

H

H H m

D IRe
Ar Ar M M

D IRWe

H H
S c eff htc iz S s dex dexe e Ar

S

dn U U
r I I

dt F U eV

E E k n n E k n n

γ γ+ + + +

−  = − +  
 


− + + 


∑

 

Mn  I ( )
1 1

1

6 6

6

,
S RT S

S M diffM
S M S

S IR

S Y
dn k n n
dt V L

Γ
Γ

= − + −
∑

∑  

(table continued below) 
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Mn  II ( )
1 1

1

6 6

6

,

RT
S RT S

S M diffM
S M S

S IR

S Y
dn k n n
dt V L

Γ
Γ

= − + −
∑

∑  

Mn  III ( )
4 4

4

7 7

7

,

RT
S RT S

S M diffM
S M S

S IR

S Y
dn k n n
dt V L

Γ
Γ

= − + −
∑

∑  

M
n +  I ( )6 6

6

IRM M
S M S

S IR

dn S
k n n

dt V
+ +Γ
= −∑  

M
n +  II ( )6 6

6

BP RT
BP RTM M M

S M S
S IR

dn S S
k n n

dt V
+ + +Γ + Γ
= −∑  

M
n +  III ( ) ( ) 27 7 8 8

7 8

, 2

BP RT
BP RTM M M

S M S iz S S chexc ArM M
S S IR

dn S S
k n n k n n k n n

dt V
+ + +

+ +

Γ + Γ
= − + −∑ ∑  

2M
n +  III ( )2 2 2

28 8

8

, 2

BP RT
BP RTM M M

iz S S chexc ArM M
S IR

dn S S
k n n k n n

dt V
+ + +

+ +

Γ + Γ
= − −∑  

Arn  I, II 

( )9 9

9

10 10

10 10

,
, ,

,0 , ( )
        

( )

m

m

Ar diffAr
S S iz Ar Ar e ex Ar Ar e chexc MAr Ar

S

S S diff IR RT
S S M Ar

IR Ar Ar Ar

dn k n n k n n k n n k n n
dt L

S S
m n

V m n n

+

Γ
= − − + +

 
Γ − Γ − 

 − ⋅ ⋅
+

∑

∑ ∑
 

Arn  III 

( ) ( ) ( )8 8 8 8 11 11

8 8 11

2

12 12

12 12

, , , ,

,
2

,0 ,

        

( )
        

( )

m

m

Ar
iz Ar S Ar S ex Ar S Ar S S SAr

S S S

Ar diff
chexc M chexc ArAr M

S S diff IR RT
S S M Ar

IR Ar Ar Ar

dn k n n k n n k n n
dt

k n n k n n
L

S S
m n

V m n n

+ +

= − − +

Γ
+ − +

 
Γ − Γ − 

 − ⋅ ⋅
+

∑ ∑ ∑

∑ ∑

 

HAr
n  I ( ) , ,

1,H

H H H H H H
Ar RT

pulse H ran Ar e eAr g Ar iz Ar Ar ex Ar Ar
IR

dn S v T m n k n n k n n
dt V L

ξ ξ += Γ − − −  

HAr
n  II ( ) , ,

1,H

H H H H H H
RTAr RT

pulse H ran Ar e eAr g Ar iz Ar Ar ex Ar Ar
IR

dn S v T m n k n n k n n
dt V L

ξ ξ += Γ − − −  

HAr
n  III 

( )
( ) ( )8 88 8

8 8

, , , ,

1,

          

H

H H

H H H H

RTAr RT
pulse H ran ArAr g Ar

IR

S Siz Ar S Ar ex Ar S Ar
S S

dn S v T m n
dt V L

k n n k n n

ξ ξ += Γ −

− −∑ ∑
 

(table continued below) 
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WAr
n  II 

( ) ( )
, ,

11 ,

          

W

W W

W W W W

RTAr RT
pulse H ran ArAr g Ar

IR

e eiz Ar Ar ex Ar Ar

dn S v T m n
dt V L

k n n k n n

ξ ξ += − Γ −

− −
 

WAr
n  III 

( ) ( )
( ) ( )8 88 8

8 8

, , , ,

11 ,

          

W

W W

W W W W

RTAr RT
pulse H ran ArAr g Ar

IR

S Siz Ar S Ar ex Ar S Ar
S S

dn S v T m n
dt V L

k n n k n n

ξ ξ += − Γ −

− −∑ ∑
 

mAr
n  I 

( )9 9

9

10 10

10 10

,
, ,

,0 , ( )
          

( )

mm

m H H

m

m

Ar diffAr
S S ex Ar Ar e eAr ex Ar Ar

S

S S diff IR RT
S S M Ar

IR Ar Ar Ar

dn
k n n k n n k n n

dt L

S S
nm

V m n n

Γ
= − + + −

 
Γ − Γ − 

 − ⋅ ⋅
+

∑

∑ ∑
 

mAr
n  II 

( )9 9

9

10 10

10 10

,
, , ,

,0 , ( )
          

( )

mm

m H H W W

m

m

Ar diffAr
S S ex Ar Ar e e eAr ex Ar Ar ex Ar Ar

S

S S diff IR RT
S S M Ar

IR Ar Ar Ar

dn
k n n k n n k n n k n n

dt L

S S
nm

V m n n

Γ
= − + + + −

 
Γ − Γ − 

 − ⋅ ⋅
+

∑

∑ ∑
 

mAr
n  III 

( )

( ) ( ) ( )
11 11

11

8 8 8 88 8
8 8 8

12 12

12 12

,

, , , , , ,

,0 ,

          +

( )
         

( )

mm

m

H H W W

m

m

Ar diffAr
S SAr

S

ex Ar S Ar S S Sex Ar S Ar ex Ar S Ar
S S S

S S diff IR RT
S S M Ar

IR Ar Ar Ar

dn
k n n

dt L

k n n k n n k n n

S S
nm

V m n n

Γ
= − −

+ +

 
Γ − Γ − 

 − ⋅ ⋅
+

∑

∑ ∑ ∑

∑ ∑

 

Ar
n +  I , , ,H H m m

IRAr Ar
iz Ar Ar e e e chexc Miz Ar Ar iz Ar Ar Ar

IR

dn S
k n n k n n k n n k n n

dt V
+ +

+

Γ
= + + − −  

Ar
n +  II 

, , , ,

          

H H W W m m
Ar

iz Ar Ar e e e e chexc Miz Ar Ar iz Ar Ar iz Ar Ar Ar

BP RT
BP RTAr Ar

IR

dn
k n n k n n k n n k n n k n n

dt
S S

V

+

+

+ +

= + + + −

Γ +Γ
−

 

Ar
n +  III 

( ) ( ) ( )

( )

8 8 8 88 8
8 8 8

288
8

, , , , , ,

2, ,

H H W W

m m

Ar
iz Ar S Ar S S Siz Ar S Ar iz Ar S Ar

S S S

BP RT
BP RTAr Ar

S chexc M chexc Ariz Ar S Ar Ar M
S IR

dn
k n n k n n k n n

dt

S S
k n n k n n k n n

V

+

+ +

+ +

= + +

Γ +Γ
+ − + −

∑ ∑ ∑

∑
 

(table continued below) 
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calcI  I (1 ) (1 )calc RT RTAr Ar M M
I e S e Sγ γ+ + + += Γ + + Γ +  

calcI  II (1 ) (1 )RT RT
calc RT RTAr Ar M M

I e S e Sγ γ+ + + += Γ + + Γ +  

calcI  III 
( ) ( )
( )2 2

(1 1 ) (1 1 )

      2 (1 1 )

RT RT
calc RT RTAr Ar M M

RT
RTM M

I e S r e S r

e S r

γ γ

γ

+ + + +

+ +

= Γ + − ⋅ + Γ + − ⋅

+ Γ + − ⋅
 

Table 6. Different sets of differential equations for different versions. To compress 

space, the reactions are written as summary of relevant particles which can be 

different combinations of species (which are denoted by “ 1S , 2S , etc.”). As examples 

of the full descriptions, compare the equations above to Eqs. (1)-(19). In these 

differential equations, the analytical expressions for the rate coefficients and effective 

costs of energy also change when we extend the model to include a hot electron 

component, see Appendix II (where the same data set as used in IRM I and IRM II 

still applies to the cold electron population in IRM III). 
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Appendix II. Reaction data set 

The rate coefficients and thresholds for argon and aluminum are shown in Table 7, from low 

to high electron temperature ( eT ). 

Volume 

Reactions 
Rate coefficient [m3s-1] 

Threshold 

[eV] 
Reference 

(1) e + Ar → 

Ar+ + 2e 

 
( ) ( )

( ) ( )

14 0.59

,

14 0.16

22

1 0.26 2.3 10 exp 17.44
22

1 0.26 8.0 10 exp 27.53

e

e e
iz Ar

e

e e

T eV
T T

k
T eV

T T

−

−

≤


− × −=  >
 + × −

 

,iz ArE = 

15.76 

[43] 

[44,45] 

(2) e + ArH/W 

→ Ar+ + 2e 

 
( ) ( )

( ) ( )

/

14 0.59

,

14 0.16

22

1 0.26 2.3 10 exp 17.44
22

1 0.26 8.0 10 exp 27.53

H W

e

e e

iz Ar
e

e e

T eV
T T

k
T eV

T T

−

−

≤


− × −=  >
 + × −

 

/, H Wiz Ar
E = 

15.76 

[43] 

[44,45] 

(3) e + Ar → 

Arm + e 

 
( ) ( )

( ) ( )

15 0.74

,

14 0.68

7.5

1 0.65 2.5 10 exp 11.56
7.5

1 0.65 3.85 10 exp 22.32

e

e e
ex Ar

e

e e

T eV
T T

k
T eV

T T

−

− −

≤


− × −=  >
 + × −

 

,ex ArE = 

11.56 

[64] 

[44,45] 

(4) e + ArH/W
 

→ Arm + e 

 
( ) ( )

( ) ( )

/

15 0.74

,

14 0.68

7.5

1 0.65 2.5 10 exp 11.56
7.5

1 0.65 3.85 10 exp 22.32

H W

e

e e

ex Ar
e

e e

T eV
T T

k
T eV

T T

−

− −

≤


− × −=  >
 + × −

 

/, H Wex Ar
E = 

11.56 

[64] 

[44,45] 

    (table continued below) 
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(5) e + Ar → 

Ar* + e 

(inelastic 

except 

metastable) 

 

( )
( )
( )
( )
( )

15

15

15

3 2

3 1

3
16

1
1

4
,

4

1

0

1

5.02 10 12.64 /
1.91 10 12.60 /
1.35 10 12.42 /
2.72 10 12.14 /

2.12 10 13.13 /
1.

15.3         

45 10

                           
exp
exp
exp
exp

exp  

e

p e

p e

p e

p e

p e
inel Ar

I

T eV
k T
k T
k T
k T
k T

k
k

−

−

−

−

−

−

≤
= ×
= ×
= ×
= ×
= ×

=
= ×

−
−
−
−
−

( )
( )
( )
( )

( )14 0

4

14

15

15

.16

exp   
exp  
exp  
exp  

15.3                

12.96 /
1.22 10 17.80 /
7.

                    

98 10 19.05 /
8.29 10 18.14

8.0 10 exp 27.53      

/

 

e

II e

III e

IV e

e

e e

T
k T
k T
k T
T eV

T T

−

−

−

−












 = ×


= ×
 = ×


>

−
−
−

−

−


 ×

 

3 2pE =11.5 

3 1pE =11.6 

3 0pE =11.7 

1 1pE =11.8 

4 pE =13.2 

IE =11.8 

IIE =14.2 

IIIE =15.0 

IVE =15.5 

J. T. 

Gudmund

sson 

(Private 

communic

ation.) 

(6) e + Arm 

→ Ar + e 

 
( )

( )(
( ))

16 0.74

15 16 0.74

14 0.39

365

1 0.1 4.3 10
365                                              

1 0.1 2.67 10 4.3 10

4.957 10 exp 7.78

e

e

edex

e

e e

T eV
T

T eVk
T

T T

−

− −

− −

≤


+ ×
 >= 
 − × + ×

+ × −

 

dexE = 

11.56 

[36] 

J. T. 

Gudmund

sson 

(Private 

communic

ation.) 

(7) e + Arm 

→ Ar+ + 2e 

 
( )

( )

15 0.67

,

13 0.33

80.8

6.8 10 exp 4.2
80.8

5.7 10 exp 6.82

m

e

e e

iz Ar
e

e e

T eV
T T

k
T eV

T T

−

− −

≤


× −=  >
 × −

 

, miz Ar
E =

,iz ArE -

,ex ArE = 4.2 

[65] 

[66] 

(8) elastic 

scattering of 

e-Ar 

 

( )
( ) ( )

( )
( )

2 3

,

13 1.706 1.706

14 15

19
31.3879 1.6090log

0.0618 log 0.1171 log

19

2.62 10 0.045 1 0.045

1 2.1944 10 2.98 10

e

e

e e

el Ar
e

e e

e

T eV
T

T T
k

T eV

T T

T

−

≤
− + +
 −      

=  >
 × × +

+ × + ×

 

 J. T. 

Gudmund

sson 

(Private 

communic

ation.) 

(table continued below) 
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(9) e + Al → 

Al+ + 2e  

 
( )

( )
( )

13 0.3576

,
2

81

1.3467 10 exp 6.7829
81

0.074347 log
exp

0.637867 log 29.516747

e

e e

eiz M

e

e

T eV
T T

T eVk
T

T

−

≤


× −
 >= 
  − +    
  − 

 

,iz ME = 

5.99 

[41] 

 

 

[42] 

(10) e +  Al+ 

→ Al2+ + 2e      

 

( )

( )
( )

14 0.59

,
2

7                                               
2.34 10 exp 17.44              

7                                                 

0.1008 log
exp

1.2011log 34.5841

e

e e

e
iz M

e

e

T eV
T T

T eVk
T

T

+

−

≤
× −

>=
 − +   
 − 

               












 

,iz M
E + = 

18.82 

[42] 

[42] 

(11) e + Al 

→ Al* + e 

(inelastic) 

 

( )
( )
( )

( )

12
4

12
3

12
4,

0.8679

1.2858

1.3692

1.821 6.975

5.7148 8.53

5

10 exp

10 exp

10 exp

5                                                       

0.07434

61

1.7195 9.06

7 log
e

1

xp

6

e

s e e

d e e

p e einel M

e

e

T eV
k T T

k T T

k T Tk
T eV

T

−

−

−

−

−−

≤

= ×

= ×

= ×

−

=

−

−

−

>

( )

2

0.637867 log 29.516747eT










  +    

  − 
 

4sE =3.14 

3dE =4.02 

4 pE =4.08 

[41] 

J. T. 

Gudmund

sson 

(Private 

communic

ation.) 

(12) elastic 

scattering of 

e-M 

 

( ) ( ) 211.7 0.1134log 0.0104 log

,

20

10
20

0

e e

e

T T

el M

e

T eV

k
T eV

 − + −  

≤

= 

>



 

 [41] 

J. T. 

Gudmund

sson 

(Private 

communic

ation.) 

(13) Arm + 

Al → Ar + 

Al+ + e 

Pk = 5.9 × 10-16 pE = dexE -

,iz ME = 

5.57 

[67] 

 

(14) Ar+ + Al 

→ Ar + Al+  
chexck = 1.0 × 10-15 , ,iz Ar iz ME E−

= 9.77 
[67] 

    (table continued below) 
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(15) Ar + 

Al2+ →  Ar+ 

+ Al+ 

2chexck = 1.0 × 10-15 
,iz M

E + -

,iz ArE =3.06 

J. T. 

Gudmund

sson 

(Private 

communic

ation.) 

Surface 

Reactions at 

The Target 

Secondary emission coefficient & Sputtering yield Reference 

Ar+  → SEe  
Ar

γ + = 0.0769+ UD ×1.1823 × 10-5 [56] 

Al+ → SEe  
M
γ + = 0 [46] 

Al2+ → SEe  2M
γ + =0.209 [46] 

Ar+ → Al 
Ar

Y + =  UD ×2.16 × 10-3 [68] 

Al+ →  Al selfY = 0.016×UD
(2/3) [22,69] 

Al2+ → Al 2selfY = 0.016×(2UD)(2/3) [22,69] 

Table 7. The reaction set for argon and aluminum. The rate coefficients for electron 

impact collisions were calculated separately for high and low electron temperature 

ranges. The boundaries between these ranges vary depending on the shape of ( )evσ  . 

 

The self-sputtering secondary electron emission yield for metals (clean surface) is given by 

( )0.032 0.78 2SE izEγ φ= − . For Al , φ  = 4.06-4.26 eV, ,iz ME = 5.99 eV and from Table 7 

,iz M
E + =18.82 eV, we then obtain 

M
γ + = 0 and 2M

γ + ≈ 0.209. For argon ions hitting an 

aluminum target, we use the same value as used in IRM I [32] and will not discuss it in detail 

here. Regarding the sputtering yields, we use in the case Ar+ → Al and Al+ → Al the same 

values as in IRM I. Al2+ → Al is approximated as 2selfY = 0.016×(2UD)(2/3), where the factor 2 

is coming from the doubly charged state. 

 

For all the reactions and rate coefficients of the cold electrons with Maxwellian-energy 

distribution in the range 1-7 eV, the values listed in Table 7 are taken from IRM I and details 

can be found there [32], but these are not appropriate for the hot electrons with energy in the 

range of 20-500 eV. The ionization rate coefficients of Al and Al+ for these are calculated 
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Figure 37. The effective loss of electron energy , ,Ar c effE  per ion-electron pair created 

[19]. 

 

from the cross sections given by McGuire [42]. 

 

Besides ionization, also other inelastic collisions and elastic scattering can occur. The total 

cost of energy for each ionization process includes all these collisions. This energy ,c effE  is 

defined as the effective loss of electron energy per ion-electron pair created and can be 

obtained by [19]: 

,
3 e

iz c eff iz iz inel inel el e
mk E k E k E k T
m

= + + .                                        (24) 

The terms on the RHS account for the loss of electron energy due to ionization, excitation, 

and elastic scattering against neutral atoms. The quantity ( )3 e em m T  is the mean energy lost 

per electron for elastic scattering. 

 

For ionization of argon Ar → Ar+ (reactions (1, 5, 8) in Table 7), the cost , ,Ar c effE  is well 

studied in [19] and is shown in Figure 37. At low electron temperature typically below 20 eV, 

, ,Ar c effE  depends on ratios of rate coefficients that are sensitive to the electron temperature, 

and very accurate values are needed in Eq. (24). In the high 20-1000 eV temperature, however, 

, ,Ar c effE  never departs much from the average 22 V. In the IRM model, , ,Ar c effE  for low 

electron temperature is calculated according to Eq. (24) using rate coefficients and thresholds 
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given in reactions (1, 5, 8) in Table 7, and the average value is used for high electron 

temperature.  

 

For ionization of aluminum Al → Al+ (reactions (9, 11, 12) in Table 7), the cost , ,M c effE  at low 

temperature are also calculated according to Eq. (24) in the model with rate coefficients and 

thresholds giving in reactions (9, 11, 12). For high electron temperature, we make an 

approximation based on the effective loss of electron energy for argon in the same energy 

range. Since ,c effE  generally lies not very far above izE  for the electron temperatures 

( )e izT eV E , we regard the error due to this approximation to be small. For ionization of 

aluminum ions Al+ → Al2+ (reaction (10) in Table 7), we have only the rate coefficient for 

ionization, and the ionization potential 
,iz M

E + . Again, we estimate ,c effE  based on a 

comparison with argon, but here over the whole electron temperature range, and assume that 

,c effE  lies not very far above izE  for large enough eT . The error here is even smaller on the 

model results since Al2+ is a small minority species. 
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