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Abstract 

A High Power Impulse Magnetron Sputtering (HiPIMS) power supply, called e-HiPIMS, has 

been developed and used to deposit chromium thin films within an argon discharge. This 

power supply comprises three stages; each can deliver a voltage pulse up to 300 V. The 

advantage of this power supply is the possibility of tailoring a pulse waveform on the cathode 

with several voltage levels. This e-HiPIMS can operate in the standard HiPIMS mode (s-

HiPIMS) and multi-pulse HiPIMS mode (m-HiPIMS). Each voltage sequence is 

independently managed regarding width, delay, and voltage level. They can all be 

synchronized, giving the standard HiPIMS, or shifted in time and added to each other. Hence, 

the idea is to favor a specific ion population compared to others, according to the process 

needs and the targeted application. A beneficial example used a three-pulse sequence with 

different voltage levels. The influence on the temporal behavior of the plasma parameters, 

namely currents and electron energy, has been studied for each pulse sequence. The results 

show that the discharge current stays within the same order of magnitude as in the standard 

HiPIMS. The reference current level can be obtained quickly, adding a short over-pulse, even 

if its voltage level is relatively low. Furthermore, measurements by the Langmuir probe reveal 

that a maximum electron density is obtained at 0.2 Pa and 0.6 Pa of argon for a configuration 
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that adds two distinguished voltage-pulse sequences, one between 5-15 µs and the last 

between 20-40 µs. It comes out that this e-HiPIMS sequence significantly increases the 

electron density. 

I. Introduction 

Magnetron sputtering is a widespread process for thin film deposition, allowing to tune in a 

wide range structural, electrical and mechanical properties of deposited films. Commonly 

known as Physical Vapor Deposition (PVD), the physical sputtering of a target under 

energetic ion bombardment generated by a plasma discharge is a process widely used in many 

technological domains such as microelectronics
1
, photovoltaics

2,3
, biology,

4,5
 or mechanics,

6
 

among other fields. Moreover, adding a reactive gas such as oxygen or nitrogen
7–11,

  allows to 

enlarge the panel of deposited material and open the way to a wider range of materials and 

applications.  

Conventional direct current (DC) or radio frequency (RF) plasma-based magnetron sputtering 

have shown some limitations. Hence, nowadays, the request for thin film properties has 

increased in a wide extend of targeted electrical and structural properties. To obtain denser 

layers with enhanced properties associated with a good surface conformity, the generation of 

a discharge with a high ionization degree and very energetic ions is needed. Moreover, a high 

density of ionized species extracted from the target are highly needed to reach dense 

coatings
12

. In the meantime, such energetic conditions can damage the substrate and promote 

an important increase of the substrate temperature, which might be unsuitable for sensitive 

substrates like polymers or specific materials and devices.  

To circumvent such drawback, an alternative way emerged is the beginning of this 2000’s 
13–

15
 with high voltage and high-current magnetron discharge, so called High Power Impulse 

Magnetron Sputtering (HiPIMS) that has been classified in the ionized-PVD plasma 

processing technologies. Such power supply allows to generate a very dense plasma with a 

very high degree of ionization degree of sputtered atoms from the target thanks to a few tens 

microseconds pulse duration (typically in the 30 to 100 µs range) at a high frequency up to a 

few kHz. The generation of such a dense plasma in a very short period requires instantaneous 

powers of some tens of kW. The interest of HiPIMS discharges has been demonstrated in 

many studies
8,16,17

 highlighting how the enhancement of the ionization degree of the sputtered 
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particles can promote a huge effect on the microstructure and functional properties of the 

deposited films.  

To get more understanding on the electrical characteristics of the discharge and a higher 

control of the neutral and ion transport phenomena as well as their effects on the thin film 

growth mechanisms, a large panel of experimental investigations has been performed using 

Langmuir probes
9,18,19

, Optical Emission Spectroscopy,
20

 and Mass Spectroscopy
21

, among 

many others
22

. These different studies demonstrated the high ionization degree of sputtered 

species about two orders of magnitude as compared to the typical values of conventional 

magnetron discharges. The first effect is thus the huge ionization fraction of the sputtered 

species that can, in particular experimental conditions, exceed 90% of the discharge.
21,23

 Such 

high ionization degree of sputtered species leads to a very directional ionized discharge 

leading to a highly oriented film with a typical columnar structures perpendicular to the 

substrate. Such process allows to enhance the deposition conformity of the deposited film on 

3D patterned surfaces such as trenches or via structures with a high aspect ratio.
24

 

In most cases, publishes results revealed that the dominant population is the sputtered ionized 

metal species (M
+
) as compared to the argon ion population (Ar

+
). Indeed, the pulse shape 

applied to the target directly affects the electrical behavior of the HiPIMS discharge and the 

time evolution of ions and neutrals densities. Ina previous study, the effects of the duty cycle, 

i.e. time on (ton) and time off (toff), on the temporal evolution of the electron density and 

electron temperature, as well as the ion and neutral densities, have been analyzed.
21

 Moreover, 

the authors demonstrated that the densities of double-charged ions (Ar
2+

 and M
2+

) could be 

more significant.
21

  

In addition, in the previous decade, other configurations of the instantaneous voltage applied 

to the target have been investigated. The effect of HiPIMS multi-pulse (m-HiPIMS) was 

studied
25,26

 and brought more information on the mechanisms involved in the deposition 

process. The first advantage of m-HiPIMS is to provide a better  control of the discharge 

parameters than a standard HiPIMS (s-HiPIMS) process.
25,27

 O. Antonin at al. 
25

 investigated 

the effect of five high voltage micro-pulses of 3μs separated by varying delays time (toff) at 

different frequencies to guarantee the same average power. As a result, they observed an 

increase of the deposition rate by 50%, and an enhancement of the ionization rate within the 

discharge, leading to a higher content of sputtered metallic species. Moreover, in further work 

of M. Fekete et al.
26

, it is demonstrated that the ion flux significantly increases compared to s-

HiPIMS with tightly dependency on the delay between pulses (toff). In addition, at high 
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pressure, remote probe measurements revealed a peak density after the power pulse, 

significant of a slow and diffusive ion transport. 

Other HiPIMS configuration including the association of different pulses, so-called bipolar 

pulse, has been further investigated. 
7,20,28,29

: a small positive pulse was added after the high-

power initial negative pulse on the target. Such HiPIMS configuration allows the increase of 

the sputtered ions energy.  

 

On the basis of these previous works, we developed a new HiPIMS power supply, so-called e-

HiPIMS for electron enhanced HiPIMS that associate a standard HiPIMS (s-HiPIMS) and the 

multi-pulse HiPIMS (m-HiPIMS). Such power supply allows to deliver multi-voltage pulses 

separated by various and tuned t0ff values during the ton period. After a first stage of discharge 

studies, we investigated the effect of such supply on a pure Ar discharge with a chromium 

target. Our objective has been to tune the pulse shape in order to amplify only a specific ion 

population compared to the other plasma species. Indeed, previous studies
30

 have shown that 

in HiPIMS discharges, the peak density associated to each ion population can be shifted at 

different time occurrence during the main voltage pulse. As shown in previous work
21

, during 

the pulse time-on ton in a HiPIMS pure Ar discharge involved with a chromium (Cr) target, 

the Ar
+
 peak density appears first followed by Cr

+
 peak. Our hypothesis is thus to add a pulse 

at the moment of maximum density of an ion species assuming that this species density might 

be amplified. As an illustration, apply an over-pulse synchronized either with the maximum of 

Ar
+
 density or with the Cr

+
 maximum density, and then observe if any effects on the structural 

and chemical properties of the deposited films. 

 

It is well known and established that an increase of Ar
+
 ion density promotes denser films 

denser thanks to enhancement of ion bombardment. However, most of the time, the deposition 

rate is weakly affected and the crystalline quality of the film tends to decrease and even 

change to an amorphous structure
31,32

. On the contrary, the increase of Cr
+
 ion density usually 

improves the conformity and crystalline quality of the deposited films
33,34

. In addition, the 

metallic ions directly contribute to the film growth.  

In the present paper, we present the effect of synchronized additional pulses applied at 

different time of the main HiPIMS pulse on both the discharge composition and the quality of 

deposited films in the case of pure Cr films. 
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II. Experimental details 

The HiPIMS measurements and films depositions were performed in a cylindrical stainless-

steel chamber where the cathode is located vertically above the sample holder, which can be 

polarized to control the energy of ions impinging the substrate surface. Thanks to a turbo 

molecular pumping unit from Leybold, a background pressure close to 3.10
-4

 Pa can be 

achieved. Two capacitance and ionization gauges allow to follow the deposition pressure and 

the background pressure, respectively. The size of magnetron target is a disc of 7.6 cm 

diameter. 

Since the rotational speed of the turbo molecular pump remains constant, the working 

pressure is manually controlled by a regulation valve between the deposition chamber and the 

pumping system (Leybold). The gas is introduced via a mass flowmeter (Brooks®) and and 

the gas flux is monitored by a computer interface.  

To analyze the discharge, and in particular the evolution of electrons population versus time, 

we performed electrical characterization of the discharge by a commercial Langmuir probe 

measurements (using a commercial probe from Impedans 
35

). A single tungsten tip (10 mm 

length and 0.195 mm radius) in the standard configuration was used to probe the plasma out 

of the ionization region (magnetized plasma). 

The probe tip is connected to RF and DC compensation electrodes to increase the capacitive 

coupling between the probe tip and the plasma and to compensate for the perturbation of the 

plasma potential caused by the probe biasing. Temporal analysis of plasma is possible 

because the Langmuir probe operates at an 80 MHz sampling rate, which allows a plasma 

diagnostic every 12.5 ns. This enables a very good time resolution for HiPIMS pulses as short 

as a few tens of s. 

This probe has very good performances in terms of the plasma potential range (-100 V to 

+145 V), the ion current density (1 µA/cm
2
 to 300 mA/cm

2
), and the electron temperature (0.1 

eV to 15 eV). Out of the magnetic trap, the probe was placed 5 cm away from the cathode. 

The radial displacement of the probe permits the radial measurements of current-voltage (I-V) 

characteristics. Here we fixed the radial position in front of the racetrack. Plasma parameters 

such as the electron temperature, electron density, plasma potential and floating potential can 

be easily extracted from the I-V characteristics. The ion mean free path is large for low 
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pressures, and the sheath around the probe is assumed to be collisionless. Thus, the probe 

current is determined by the Laframboise orbital motion theory.
36

 Therefore, all these plasma 

parameters are automatically evaluated using the Impedans software.
35

  

 

A typical HiPIMS pulse comprises two phases: the time-on and the time-off. The time-on, ton, 

corresponds to applying a high negative voltage (about 500-700 V in absolute value) to the 

cathode during tens of microseconds. The time-off, toff, corresponds to the cut-off of the high 

voltage applied to the cathode between two successive pulses. In the latter phase, a 

progressive extinction of the plasma is observed. These two phases are repeated with a period 

T. 
 

 

Figure 1. Simplified scheme of the e-HiPIMS power supply that displays LC circuits. 

In our previous study,
21

 , we showed that two regimes exist during the same HiPIMS Ar/Cr 

discharge pulse. The first one characterizes the beginning of the pulse, in which Ar
+
 

dominates. This is the period when the current rises and the gas atoms get massively ionized, 

but the Cr atom sputtering stays deficient. The second regime is Cr
+
 dominated, due to the 

argon rarefaction that increases the relative number of Cr atoms in the ionization region. 

Therefore, their ionization is enhanced due to the higher direct collision probability with the 

trapped electrons and their lower ionization energy than argon.  

In this study, we propose adding an extra short-voltage pulse at the beginning of the regime 

dominated by the Cr
+
 ions. Hence, it should boost the ionization process of Cr by electron 

impact and amplify the Cr
+
 production.  

Therefore, the experiments were carried out using the e-HiPIMS power supply. It comprises 

three LC circuits (three stages, Fig. 1) operating repetitively and synchronized. In addition, 
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each stage can be turned on or off, and can deliver a negative voltage between 150 and 300 V. 

This means that during a pulse sequence, each stage can deliver a square voltage signal with a 

specific duration ton, and with a specific delay with respect to the beginning of the sequence. 

Hence, the operation mode can be standard HiPIMS (s-HiPIMS) when all the stages deliver 

the voltage simultaneously (no delay between the stages) or multi-voltage pulse sequence m-

HiPIMS when the stages are shifted in time.
25,27

 
 

A homemade software manages each voltage stage in the desired sequence (amplitude, width, 

delay, etc.). The voltage pulse value is a set point, meaning the cathode applied value can 

differ slightly from the imposed reference. For example, if the set point value is 700 V, the 

applied value would be 700 ± 20 V.  

Figure 2 shows, for the sake of example, three multi-voltage pulse sequences produced by the 

new power supply. Each configuration comprises a main voltage stage of 500 V between 0 

and 30 µs (the orange section) and an additional voltage stage of 200 V (the blue section). 

Standard HiPIMS (D1, Fig. 2) is the addition of these two stages (700 V). For D2, the first 

stage is 500 V between 0 and 25 µs, 700 V between 25 and 30 µs, and 200 V between 30 and 

40 µs. This sequence aims to favor the Cr
+
 production. For D3, two additional voltage stages 

are added at different intervals. The first is between 5 and 15 µs to favor Ar
+
 production and 

help Cr sputtering. The second one is added between 20 and 40 µs to favor Cr
+
 production. 

Table 1 summarizes the three configurations with associated discharge voltages. These three 

configurations Di (i=1-3) are discussed in the present study.  

 

6 15 20 30 40 µs 

Deposit 3 

0 

0 30 µs 

D1 

25 30 40 µs 

D2 

0 

5 15 20 30 40 µs 

D3 

0 
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Figure 2. The three configurations of pulse sequences (D1, D2, and D3) obtained with the 

new pulsed power supply. They are compared hereafter. 

 

Table 1: Voltage values for each configuration during ton. Notice that all the voltage 

values are negative but indicated in absolute value for convenience. Red values indicate 

the addition of the voltage delivered by at least two stages of the power supply, while 

blue values the remaining voltage from one single stage after the cut-off of the main 

stage. The black values indicate the voltage of the main stage. 

ton (µs) 0 - 5 5 - 15 15 - 20 20 - 25 25 - 30 30 - 40 

Voltage - D1 ≈ 700 V 700 V 700 V 700 V 700 V 0 V 

Voltage - D2 ≈ 500 V 500 V 500 V 500 V 700 V 200 V 

Voltage - D3 ≈ 500 V 700 V 500 V 700 V 700 V 200 V 

 

Figures 3, 4 and 5 present the measured voltage and current waveforms of the three pulse 

sequences D1, D2 and D3 (detailed in Fig. 2 and Table 1), respectively. In all cases, a transient 

regime is observed before reaching a constant voltage (steady state). The experiments were 

performed for a pressure of 0.6 Pa and an average power of around 200 W.  

 

Figure 3. Typical current and voltage waveforms for D1 (s-HiPIMS). 

 

For different Di (i = 1-3), a delay between the current and the voltage is observed at the 

beginning of the pulse. This delay corresponds to the ionization time to build up the ion (Ar
+
) 

space charge, mainly in the ionization region (IR), and the gas ions’ flight time across the 
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sheath between the IR and the cathode. Once the Ar
+
 hits the target, a significant amount of 

metal atoms leaves the target. After a few µs (typical flight time), they reach the IR. After 

that, the ionization of sputtered metal (Cr) leads to a significant production of Cr
+
 and Cr

++
, 

contributing to the increase of the total discharge current.
37

 Notice that the amount of metal 

ions increases, and the self-sputtering can also increase.  

For D1, the voltage and the current behavior during ton, from 0 to 30 µs, are as expected, 

typical for the s-HiPIMS. The voltage slightly decreases at the beginning of the pulse due to 

the current rise and the voltage drop on the internal exit resistance of the pulsing unit. When 

the current stabilizes, the discharge voltage reaches a stable value of 600 V. During ton; the 

current reaches a maximum of 50 A (1.13 A/cm
2
). After this maximum, the total current 

slightly decreases, which is the typical behavior of the HiPIMS plasma operated with a 

chromium target. 

One explanation is the replacement of a significant fraction of the gas ions by metal ions 

(single and multiple-charged). After 30 µs, the voltage switches off to zero. Consequently, the 

discharge current abruptly decreases. 

For configuration D2, the sequence starts with a high voltage pulse, like in the previous 

sequence, with the same duration of 30 µs. In D2, a voltage over-pulse of 200V adds power to 

the discharge starting at 25µs. This additional pulse ends beyond the end of the starting pulse 

at 40 µs. As Figure 4 illustrates, the current and the voltage evolution shows three different 

levels: L1, L2 and L3, since the voltage changes during all three phases (see Table 1 and Fig. 

2).  

At the beginning of the pulse from 0 to 25 µs (level L1), the initial voltage (~ 900 V, Fig. 4) 

decreases to about 500V, towards a plateau. Then the voltage jumps to the L2 level, around 

700 V, due to the over-pulse (additional ~200V). Due to this short added voltage on the 

cathode, the steady state of nearly constant voltage does not occur. Finally, when the first 

pulse of the sequence is cut off (30 µs), the transition from L2 to L3 marks a significant 

voltage drop, close to zero, before entering phase L3. During L3, from 30 to 40 µs, the voltage 

gradually increases to reach the reference operation point of about 200 V. Still, no steady state 

can be reached since the plasma evolves in a transitory regime.  
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Figure 4. Current and voltage waveforms for the pulse sequence D2. Labels Li (i = 1,3) 

indicate the time intervals with different voltage levels summarized in Table 1. 

Let us analyze the current evolution (Fig. 4, right Y-axis). Let us emphasize the difference 

between D2 and the reference sequence D1; after 30 µs, the current immediately decreases for 

D1 and gently decreases for D2. During the L1 of D2, the current has a similar behavior as 

recorded in sequence D1. So, from 0 to 25 µs, the current increases at around 30 A, much less 

than in D1 (peak current ~50A) due to the voltage reference level set to ~700V in D1 but only 

500V in L1 of D2. Then, after adding the extra voltage pulse at level L2 (from 25 to 30 µs), 

the current reaches a maximum of 45 A (close to the peak value in D1). At level L3, the 

current continuously decreases when the voltage decreases from 700 to 200 V. This is highly 

expected because only 200V supports the discharge. After 40 µs, there is neither voltage nor 

current when the pulse sequence D2 is fully off. This behavior of D2 is also observed for D3, 

as discussed below. 

 

  

Figure 5. Current and voltage waveforms for the pulse sequence D3. Labels Li (i = 1,5) 

indicate the time intervals with different voltage levels summarized in Table 1. 
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For configuration D3 (Fig. 5), the sequence starts with a high voltage pulse (called the original 

pulse since it marks the beginning of the sequence), like in the previous sequence (D1 and D2, 

~ 900V at the beginning), with the same duration of 30 µs. Two additional voltage pulses (or 

over-pulses) are superposed to the first with different durations and delays. The first adds 

~200V for a very short time, between 5 and 15 µs. When this first over-pulse switches off, the 

original of 30 µs is not finished, and 5 µs after, a second over-pulse adds again ~200V, 

between 20 and 30 µs. 

 

Let us now analyze the voltage and current evolutions for the D3 sequence (Fig.5) with 

respect to D2. At the beginning of the pulse from 0 to 5 µs (level L1), the voltage should 

normally reach 500V. This voltage level is close to the transient value observed in the 

previous sequences D1 or D2 exactly after 5 µs from the beginning of the pulse. However, 

since the time interval is very short, the steady state is not reached, and the voltage is higher 

than the expected set point.   

Then at L2, after adding the first over-pulse (~5 µs), the voltage slightly increases, followed 

by a decay around 700V. The voltage level starts to stabilize in the second half of this first 

over-pulse (between 10 at 15 µs). However, the steady state does not survive because phase 

L3 begins. This level of L3 is very short (~5 µs length), between 15 to 20 µs. During L3, the 

voltage drops from 700 V to 500 V. Then, the second over-pulse starts at 20 µs. Up to 30 µs, 

a new level of L4 is attained. The voltage reaches 700 V again, very fast. Further, during the 

transition from L4 to L5, the voltage drops to a low value close to zero (like in sequence D2) 

before entering the L5 phase. In L5, which lies from 30 to 40 µs, the voltage increases to 

around 200 V without reaching a steady state. 

Let us comment on the current evolution (Fig. 5, right Y-axis). The discharge current keeps 

increasing during levels L1 and L2, from 0 to 15 µs, without observing any transition until 

reaching a maximum value of 50 A. Notice this peak value is the same as for s-HiPIMS (D1), 

but in D3, the maximum is reached faster, after only 15µs, while in D1, the current peaks after 

about 20 µs (Fig. 3). In the following, the current decays because of the voltage set point 

decreases from 700 (L2) to 500 V (L3). At L4, the second over-pulse brings additional power 

to the discharge, and the current increases again until around 45 A, below the peak value 

(recorded in L2). As in D2, for level L5, the current decreases continuously and smoothly due 

to the abrupt voltage drop from 700 to 200 V.  
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Figure 6 shows the influence of the pressure, for 0.2, 0.6, and 1 Pa, on the current waveform 

for the three pulse sequences D1, D2, and D3. The current increases with the pressure 

independent of how the power is delivered to the plasma. The fingerprint of the current stays 

similar for the three studied pressures, and the signature of specific levels discussed above 

characterizes each pulse sequence. However, at the pulse's beginning, the delay between the 

voltage and the current decreases while the pressure increases, as expected. The higher the 

pressure, the faster the space charge builds up.  

For all studied configurations, the observed delay of around 1 to 5µs decreases by increasing 

the pressure, at constant applied voltage. As previously studied30, this delay is also linked to 

the applied voltage. 

 

Indeed, the delay is related to the ionization time necessary to the discharge to create enough 

electrons and ions and the time for the primary electrons (ejected from the target) to get 

accelerated in the sheath electric field, between IR and the cathode.
34,35

 Let us consider the 

following approximation to evaluate the ionization time's dependence on the pressure. The 

ionization time (           ) is related to the argon density (nAr) and the argon ionization rate, 

which depends on the electron temperature Te. This can be expressed as: 

              
 

                   
     (1) 

 

At the beginning of the voltage sequence, time-on Te is around 6 – 8 eV (previously 

calculated in our HiPIMS model
38

), nAr is proportional to the pressure: 

    
 

    
       (2)  

KB is the Boltzmann constant and T is the gas temperature (300 K). This is particularly true in 

the early stages of the pulse when the gas rarefaction is not yet active. Moreover, Kionization(Te) 

of argon is calculated as
38

 : 

                           
     

     (3)  

    

Therefore, for Te equal to 6.5 eV and pressure of 0.2 Pa, 0.6 Pa and 1 Pa  ionization equals 5 µs, 

1.7 µs, and 1 µs, respectively. P. Poolcharuansin and J.W. Bradley
39

 have measured between 

0 and 4μs, three distinct groups of electrons with effective temperatures of 70–100 eV, 5–7 

eV and 0.8–1 eV. After ~ 4 μs, it remains only a single distribution with an electron 
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temperature of about 5 eV. It means that our mean electron temperature estimated at 6.5 eV is 

consistent with these measurements. 

As explained by G.Y. Yushkov and A. Anders,
30

 the delay time is close to the time required 

for the discharge to develop using the primary electrons, corresponding to the ionization time 

(Eq. (1), see also Fig. 6-a). Hence, by increasing the pressure, the ionization time of atoms 

decreases. For low pressure, electron-atom collisions are scarcer, reducing the frequency of 

the ionization events. Consequently, the delay between the applied voltage and current growth 

becomes more significant. Remember that all previously reported results have been obtained 

for an average power of 200 W on the cathode. Hereafter the power is 100 W for the 

following experiments. First, the current and voltage were measured for different conditions. 

For configuration D1, the current peaks to 18 A (at 0.2 Pa) when the voltage pulse is on and 

decreases immediately at 30 µs when the discharge is off.  

Therefore, the current delay with respect to the voltage is ~5 µs for 0.2 Pa. Meanwhile, it 

occurs at 2 and 1 µs for 0.6 Pa and 1 Pa, respectively. Table 2 shows the voltage set point and 

peak current values for each pulse sequence at different periods during the sequence for the 

three studied argon pressures, namely 0.2, 0.6 and 1 Pa.  
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Figure 6. The evolution of the discharge current for three pulse sequences (a) D1, (b) D2 

and (c) D3 (detailed in Table 1 and Fig. 2) for three argon pressures of 0.2, 0.6, and 1 Pa. 

 

For configuration D2 at level L1 (between 0 and 25 µs), the current increases to 15 A for 0.2 

Pa and 17 A for 0.6 Pa and 1 Pa. During L2, when the voltage over-pulse is added between 25 

and 30 µs, the current peaks at 22 A for 0.2 Pa and 0.6 Pa and about 25 A for 1 Pa. After that, 

during phase L3 (between 30 and 40 µs with 200 V), the current slightly decreases, following 

practically the same path, independent of the working pressure. However, at 1 Pa, there is a 

slight overshot (increase) of the current before starting the last level of this sequence, absent 

for the other pressures. This could be attributed to the enhanced ionization of Ar. 

Table 2: The current peak and voltage values for each pulse sequence during different 

time intervals of the ton for the same average power of 100 W and three working 

pressures of 0.2, 0.6, and 1 Pa of argon. 

 D1 10-30 µs D2 10-15 µs D2 25-30 µs D3 10-15 µs D3 25-30 µs 

 700 V 500 V 700 V 700 V 700 V 

0.2 Pa 17 A 15 A 22 A 20 A 18 A 

0.6 Pa 18 A 17 A 22 A 22 A 20 A 

1 Pa 18 A 17 A 25 A 23 A 20 A 

 

Similar behavior appears for D3. For low pressure of 0.2 Pa, the delay between the current and 

voltage slightly exceeds 5 s. When the first voltage over-pulse starts, during L2 between 5 

and 15 µs, the current peaks to its maximum for the three pressures. These maxima slightly 

increase with the pressure. Then the current decreases by 2/3 between 15 and 20 µs (level L3) 

when the voltage also decreases. After that, the second voltage over-pulse starts 

(corresponding to L4 from 20 to 30 µs). The voltage has the same level as in L2, but the 

current increases less and reaches a value below the maximum (in L2). This current limitation 

could be attributed to the intensification of the gas rarefaction phenomenon in the ionization 

region, inducing a decrease in the ionization rate and, therefore, a decrease in the discharge 

current.
38

 Then, at L5, between 30 and 40 µs, a sharp current decay occurs. 

In this part, it is established that using an over-pulse enhances the total current. The over-

pulse creates hot electrons that ionize the species present in the IR. Naturally, when the 
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pressure increases, the density of these species increases as well, and consequently, the total 

charge carried by the discharge (table 3). 

 

Table 3: Integration of the current for each pulse in Coulomb sequence (same average 

power of 100 W) and three working pressures of 0.2, 0.6, and 1 Pa of argon. 

 D1 D2 D3 

0.2 Pa 381 C 415 C 416 C 

0.6 Pa 503 C 544 C 538 C 

1 Pa 537 C 563 C 547 C 

 

III. Langmuir probe results 

Langmuir probe measurements were carried out to obtain time resolved electron density and 

temperature. The Langmuir probe was outside the ionization region (IR), characterized by a 

very high electron density ne. Note that the IR is located a few millimeters from the cathode 

and typically expands about 2 cm. The probe location (8 cm from the target) was far enough 

from the magnetic trap, so one can assume there is no magnetic field effect on the probe 

signal. The results presented hereafter do not consider any correction due to the magnetic 

field. The measured values of ne and Te outside of the IR are obviously different from those in 

the IR.
37

  

 

Figure 7 shows the electron density and temperature evolution during the pulse and the 

beginning of the afterglow of all three studied pulse sequences Di (i=1-3) at low pressure, 0.2 

Pa. When the discharge is ‘on’, the electron density increases until it reaches a maximum 

value around (2.8 ± 0.5)×10
16 

m
-3

, (1.2 ± 0.5)×10
17 

m
-3

, and (1.3 ± 0.5)×10
17 

m
-3

 for D1, D2 

and D3, respectively. Noting that at the beginning of the discharge, D1 starts with a voltage of 

700V, while D2 and D3 start with 500V each. During the pulse sequence, the electron density 

increases continuously until reaching a maximum, about 35 µs after the start of the sequence, 

independent of the way the power is delivered to the discharge. Then the electron density 

decreases, surviving even 100µs after the end of the pulse when it is typically one decade 

lower. In addition, the electron density correlates well with the pulse sequence voltage level. 

D3 has the highest electron density, followed by D2 and D1. Notice, however, that the 

difference between D3 and D2 is in the margin of the error bar. This means that the effect of 
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the over-pulse on the diffusion plasma keeps less the memory of the moment when it is 

applied but depends significantly on the voltage level.  

In D3, the first voltage over-pulse starts only 5 µs after the beginning of the sequence (up to 

15 µs), reaching around 700 V. The electron density rises fast and reaches a first maximum of 

9.4 ± 0.5×10
16 

m
-3 

at the end of this over-pulse (~15 µs), then decreases when the voltage also 

decreases (down to 500V in L3). The second voltage over-pulse starts at 20 µs (up to 40 µs). 

The electron density peaks at 1.3 ± 0.5×10
17 

m
-3

 at around 35 µs. Notice that at this moment, 

the voltage is only 200V since the original pulse lies 30µs. However, the probe's position is 

out of the IR, and it captures the density value in the diffusion plasma. Is expected a delay 

between the maximum value in the IR (not measured, but expected to be in phase with the 

injected power, which is maximum in L4) and at the location of the probe. 

Comparing the electron density augmentation between D2 and D3 with respect to reference D1 

unveils the influence of the over-pulses on plasma. For D3, the electron density increases 

between 5 and 15 µs, followed by a second boost between 27 and 37 µs. 

 

Hence, at least in front of the substrate, the electron density is higher when a second voltage 

over-pulse is added around the middle of the discharge. The first observed electron density 

peak is assigned mainly to the Ar ionization process. The second one mainly produces metal 

ionization, enhancing the density of Cr
+
 and Cr

++
. They were also observed and discussed by 

Poolcharuansin and Bradley.
39

 The effect of the second peak on the electron density is higher 

than the first one due to the lower ionization energy threshold of Cr (7.68 eV) compared to Ar 

(15.76 eV). After reaching the maximum, the electron density decreases because the power 

decreases. 

For similar conditions, other studies observed an electron density of 10
18

-10
19 

m
-3

. On the 

other hand, in our study, the electron density is around 10
17 

m
-3

. This is due to the placement 

of the Langmuir probe, which is not in the ionization region (magnetized trap) where the 

density is expected to be at least one order of magnitude higher; it is placed at 8cm (close to 

the substrate position) and perpendicular to the target. Thus, some of the electrons could 

eventually not be detected, which could affect the electron density 
40,41

. Therefore, the 

apparent electron density is lower than what has been observed for the case of HiPIMS in 

other studies. 
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Figure 7. Time evolution of the electron density (a) and electron temperature (b) for the 

three pulse sequences in Table 2 and argon pressure of 0.2 Pa. 

Furthermore, one can see a striking difference between the ne peaks’ shape (Fig. 7) and the 

currents’ evolution (Fig. 6). The current is measured on the cathode, which is very close to the 

IR. In contrast, the ne is measured by the Langmuir probe, which is located 5 cm away from 

the cathode. For example, the two current peaks are associated with the two voltage over-

pulses of the D3 sequence and registered in the time intervals 5-15 s and 20-30 µs. They are 

less obvious but still present in the time profile of ne. The overlapping of the peaks in the case 

of ne could be attributed to the electron diffusion phenomenon from IR towards the Langmuir 

probe. 

The diffusion results in an enlargement (dispersion) of peaks in time, inducing an overlapping 

of the two (close) successive peaks.  
 

The electron density increases when the power injected in the plasma increases by applying 

the additional over-pulse. For the D2 sequence, the voltage over-pulse starts at 25 µs and 

finishes at 40 µs. Hence, the electron population is less spread than in D3 at the discharge's 

beginning, but the density level is also lower. The time shift between the maxima values of 

recorded electron density and current (Fig.6) is about 8 µs, which could correspond to the 

ionization enhancement and electron diffusion out of the IR to the Langmuir probe. 

In fact, in first approximation, the average diffusion time of electrons writes: 
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        (4) 

 

Where L is the distance between IR and Langmuir probe, and De is the Bohm diffusion 

coefficient of electrons. The probe is placed outside the magnetized zone. Hence, the Bohm 

diffusion is important because inside IR, it delays the electron’s diffusion, and outside IR, it 

neglects the diffusion time. Notice also that most ionization events occur within a few 

millimeters in front of the racetrack.
40

 So, it is reasonable to assume       . For       

       ,                  . This value for De is in good agreement with the value 

reported in REF
38

 for our pressure range.  

 

Let us look at the evolution of the electron energy, namely electron temperature (Fig. 7(b)), 

given by Langmuir probe measurements. By disregarding the strong noise, the evolution of Te 

as a function of time shows a sharp increase at the beginning of time-on, followed by a decay 

(relaxation) until the end of the sequence at 40 µs. In the afterglow, between 40 and 80 µs, Te 

increases again for D1, while for D2 and D3, only a weak increase is observed. Beyond 80 µs, 

Te unconditionally decreases.  

The electron temperature evolution in the afterglow is related to the recombination kinetics. 

Indeed, low-energy electrons attach first, letting free only a fraction of energetic electrons. On 

the other hand, non-magnetized electrons diffuse faster to the wall, and the positive space 

charge dominates the afterglow plasma. Hence, the surviving free electrons have higher 

energy than during the plasma pulse, but their density is drastically reduced. 
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Figure 8. Time evolution of the electron density (a) and electron temperature (b) 

for the three pulse sequences in Table 2 and argon pressure of 0.6 Pa. 

 

Figure 8 presents the electron density and temperature of all configurations Di (i=1,3) for 0.6 

Pa pressure. The average power was fixed at 100 W. The electron density behavior is similar 

to the evolution observed at lower pressure, 0.2 Pa (Fig. 7). At the beginning of the pulse, the 

electron density increases. Then it reaches a maximum value of (3.5 ± 0.5)10
16 

m
-3

, (9.6 ± 

0.5) 10
16 

m
-3

, and (1.2 ± 0.5) 10
17 

m
-3

 for D1, D2 and D3, respectively. During time-on, ne is 

higher for D3 than for D1 and D2. Adding the voltage over-pulses in D2 and D3 increases the 

electron density compared to D1. This could be explained by the fact that at high pressure, the 

Cr thermalization is faster; hence, the ionization during the additional pulse becomes more 

efficient for D2 and D3. In the afterglow (time-off phase), the electron density smoothly 

decays for all of the configurations.  

The electron temperature has a very similar behavior when the pressure increases from 0.2 

(Fig. 7(b)) to 0.6 Pa (Fig. 8(b)). It is about 4 ± 0.5 eV for all sequences at the beginning of 

time-on and continuously decays to about 1 eV until the end of the sequence. In the afterglow, 

it rises again (see the explanations above). However, for both D2 and D3, the rise of the 

electron temperature at regular intervals is less pronounced at higher pressure, but it does 

occur.  

Figure 9 shows the electron density of each configuration Di for 0.2 Pa and 0.6 Pa pressures. 

The maximum of ne is outside of the time-on. As said, this shift is due to the diffusion time of 

the electrons from IR towards the Langmuir probe (see Eq. 4). 

For D1, at first, ne decreases with the pressure increase. This decrease could be due to the 

slight cooling of the electrons induced by the higher collision frequency (higher pressure). 

About the afterglow, ne survives longer at higher pressure beyond the end of the pulse because 

the density at the end of the pulse is higher. This could be explained by the decrease of the 

rarefaction phenomenon of Ar gas, which tends to increase the partial pressure of Ar and 

consequently increase the electron production rate by the ionization process. Also, as 

discussed in Gudmundsson et al. study 
42

, the argon metastable can also play an important 

role with the pressure increase. However, the influence of the pressure less affects sequence 

D2 than D3.  
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Figure 9. Influence of the pressure on the electron density for different pulse sequences 

(a) D1, (b) D2 and (c) D3 given in Table 2. 

 

For all sequences, the electron density is higher at the end of the pulse at higher pressure. 

Even when the second voltage over-pulse is applied, the electron density stays higher for low 

pressure (0.2 Pa). This is because the ionizations occur in the IR, but their diffusion is highly 

limited with the pressure increase. For D3, when the first over-pulse is added between 5 and 

15 µs, the electron density rises less by increasing the pressure to 0.6 Pa.  

Figure 10 shows the electron temperature of each configuration for the same two pressures, 

0.2 Pa and 0.6 Pa. Disregarding the noise generated during the measurement of Te; globally, 

Te increases with the pressure whatever the HiPIMS sequence Di (i=1,3) is.  
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Figure 10. Influence of the pressure on the electron temperature for different pulse 

sequences (a) D1, (b) D2 and (c) D3 given in Table 2. 

 

IV. CONCLUSION 
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In this paper, we investigated a prototype of e-HiPIMS power supply, neither studied nor 

published before. We characterized the effect of such power supply on the generated plasma 

characteristics. The advantage of such supply lies in the possibility to generate independently 

multi-pulses and to synchronize a main pulse with one or several over-pulses at chosen 

moments during the time-on of the main pulse with an independent delay and duration. Thus, 

specific ion populations can be amplified by well-chosen over-pulses.  

Win the present study, we compared three different pulse sequences; thereafter called D1, D2 

and D3. The first sequence D1 stands as the reference and corresponds to a conventional 

HiPIMS power supply behaving like the standard HiPIMS (s-HiPIMS). 

The second sequence, D2, has an additional voltage over-pulse between 25 and 40 µs of the 

main pulse, aiming at amplifying the chromium ionization by the end of the pulse. For the 

third sequence, D3, two voltage over-pulses have been added: a the first one between 5 and 15 

µs of the main pulse, aiming at amplifying the argon ion density and thus increase the target 

sputtering, going along with bringing more Cr atoms into the plasma phase, while the second 

one applied between 20 and 30 µs is expected to boosts the chromium ionization. Time-

resolved measurements by the Langmuir probe gave allowed to collect supplementary 

information on electron density and temperature evolution. 

The pressure and power changes revealed their influence on each pulse sequence. As a result, 

we found that sequence D3 provides the highest electron density during the discharge. Then, 

D2 has the second highest electron density. Note that when the voltage over-pulse is added, 

the sequence has the same total voltage as in D1 (s-HiPIMS). For D3, the increase of ne with 

the pressure is remarkable because of the addition of two voltage over-pulses. However, when 

the pressure increases, the electron density decreases for an average power fixed at 100 W. 

Meanwhile, the electron temperature presents different behaviors: at the beginning of the 

pulse, the temperature is high and decreases in a second time to further to increase at the 

beginning of the afterglow (time-off). The electron temperature increases again when the 

following over-pulse is added.  

Such results have thus shown their interest with respect to the standard HiPIMS. The e-

HiPIMS offers a higher flexibility by adding one or several over-pulses at well-chosen 

moments in the main pulse with tunable duration in addition to the typical s-HiPIMS 

parameters, i.e. the pulse width and the frequency in s-HiPIMS.  

Thus, this novel e-HiPIMS power supply allows a better control of the HiPIMS deposition 

process. Our study has shown the possibility of amplifying the HiPIMS discharge current, 
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which drives the total ion flux, by choosing a reduced pulse duration. Boosting the discharge 

at a specific moment of the discharge, it could favor the preferential ionization of one species 

over the others. Finally, this will certainly modify the physical and structural properties of the 

deposited film.  
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