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Abstract
High power impulse magnetron sputtering (HIPIMS) is a novel tech-
nique successfully implemented on full scale industrial machines. 
HIPIMS utilizes short pulses of high power delivered to the target 
in order to generate high amount of metal ions. The life-span of 
ions between the pulses and their energy distribution could strongly 
influence the properties and characteristics of the deposited coat-
ing. In modern industrial coating machines the sample rotates on the 
sample holder and changes its position and distance with regard to the 
magnetron. 

Time resolved measurements of the ion energy distribution function 
(IEDF) at different distances from the magnetron have been performed 
to investigate the life-span of ions at various distances from target. The 
measurements were performed using two pressures, 1 Pa and 3 Pa to 
investigate the influence of working gas pressure on IEDF. Plasma sam-
pling energy-resolved mass spectroscopy was used to measure the IEDF 
of Ti1+, Ti2+, Ar1+ and Ar2+ ions in HIPIMS plasma discharge with tita-
nium (Ti) target in Ar atmosphere. The measurements were done over 
a full pulse period and the distance between the magnetron and the 
orifice of the mass spectrometer was changed from 25 mm to 215 mm.

Introduction
A PVD technology for deposition of hard, dense coatings utilising 
short pulses of high power, high power impulse magnetron sputtering 
(HIPIMS), was introduced by Kouznetsov et al. [1]. To improve the 
properties of a deposited coating it is useful to expand the knowledge 
of the plasma evolution during the pulse and in the post-discharge and 
to investigate the plasma properties of neutrals, ions and electrons. 
The long lifespan of Ti neutrals and ions has been investigated by de 
Poucques et al. [2] showing that ions and electrons obey ambipolar dif-
fusion in the post-discharge. The evolution of the electron density and 
various plasma parameters at distances from 9 to 17 cm and at pres-
sures from 0.3 Pa to 3 Pa in details have been reported by Gudmundson 
et al. [3]. Dependence of the electron density on the discharge power 
and dependence of the ion density on distance was investigated using 
a Langmuir probe by Alami et al. [4]. A Langmuir probe was used by 
Macak et al. [5] to investigate the occurrence of the metal ions as a 
function of time and distance and as a function of time and pressure. 
Several authors [6, 7, 8] used a Langmuir probe to gather information of 
plasma properties in the HIPIMS.

Previous work by the present authors has suggested [9] that ther-
malisation of the metal ions occurs in the HIPIMS post-discharge. 
The thermalisation of neutrals in a direct current (DC) magnetron 
sputtering plasma was investigated in detail by several authors [10, 11]. 
Simulations of particle transport [12] and the neutral particle flow in 
HIPIMS [13] add valuable information on plasma thermalisation and 
gas rarefaction. Several papers used mass spectrometry to describe the 
influence of pressure on the ion energy distribution function (IEDF) 
[14] and the influence of power on the IEDF [15].

The paper from Ehiasarian et al. [16] reports successful application 
of the HIPIMS technology on industrial size machines. In the industrial 
size machine the substrate rotates on the substrate holder changing the 

distance from the targets. Complete temporal and spatial variation of 
ion fluxes and ion energies impinging on the substrate haven’t been 
reported yet. Temporal and spatial resolved measurements of the IEDF 
using plasma sampling mass spectrometer and spatial and temporal 
measurements of electron density using a Langmuir probe have been 
performed to give an insight on plasma properties at different positions 
inside the deposition chamber.

Experimental Details
The experiment was performed in a CMS 18 vacuum system (Kurt J. 
Lesker) in ultra high vacuum (UHV) conditions. The chamber was 
evacuated to a base pressure of 10-8 mbar (10-5 Pa). Working gas argon 
(Ar) gas was introduced to a chamber to achieve desired working pres-
sures of 1 and 3 Pa that was measured using MKS SRG-2CE spinning 
rotor gauge. A planar unbalanced magnetron with target diameter of 
ø50 mm was utilised and the target material was titanium (Ti). The 
magnetron was powered using a HIPIMS power supply (Hüttinger 
Electronic Sp. o.o.), repetition frequency was set to 100 Hz with a pulse 
duration of 70 μs.

A schematic top-view cross section of the UHV machine used 
for plasma measurements is shown on Figure 1. The position of the 
Langmuir probe (LP), the plasma sampling mass spectrometer (MS) 
and the target are shown. The LP was retracted during MS measure-
ments in order to avoid interference with the plasma. The magnetron 
was mounted on a 30 cm long arm that enabled its motion inward and 
outward of chamber changing its position with regard to the LP and 
MS. The distance from the orifice of the MS to the target was changed 
from 2.5 cm to 21 cm. LP measurements were obtained for distances 
from 2.5 cm to 15 cm from the target. Both LP and MS were positioned 
at the axis of symmetry of the magnetron. 

Figure 1. Schematic cross sections of the UHV machine from the top showing 
the positions of the target of the magnetron, Langmuir probe and mass 
spectrometer.

Discharge voltage and discharge current waveforms as a function of 
time are presented on Figure 2. The waveforms were measured using 
a Tektronix P6015A voltage probe and a LEM PR 1235 current probe, 
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respectively. The signal from the voltage and current probe was moni-
tored using a Tektronix DPO 7054 oscilloscope. The voltage profile 
shows slight over-shoot up to -475 V at the start of the pulse due to 
electrical switching and ringing sustained by small parasitic capacitance 
and inductance in the system. At this stage discharge current is not 
detected and plasma is not ignited. After 10 μs the voltage stabilizes at 
-425 V until the end of the pulse 60 μs later. The oscillation recorded 
in the current profile at the start of the pulse could be attributed to the 
noise picked up by the current probe.

Figure 2. Discharge voltage (top) and discharge target current (bottom) as a 
function of time for HIPIMS plasma discharge of Ti.

MS and LP measurements were performed with spatial and tem-
poral resolution in conditions of two pressures, low pressure of 1 Pa and continued on page 30

high pressure of 3 Pa. At both pressures the discharge current density 
was kept constant at 1 Acm-2.

Time Resolved Mass Spectrometry
A plasma sampling mass and energy spectrometer PSM003, Hiden 
Analytical Ltd., was used to measure the IEDF of Ar+ and Ti+ ions. The 
time resolved measurements were obtained at several distances from 
the target to investigate spatial variations of the time evolution of the 
gas and metal IEDF. First measurement was done at the start of the 
pulse and then shifted by 20 μs using a pulse delay generator, until 300 
μs after the start of the pulse. From 300 μs to 600 μs the delay was set 
to 100 μs. Four more measurements were performed at 1.2 ms, 2.5 ms, 
5 ms and 9.9 ms, to observe the life-span of ions in the plasma between 
the pulses. Acquisition time of the detector was set to a 20 μs window. 
The details of the time resolved measurements are explained elsewhere 
[17]. The time of flight (TOF) through the mass spectrometer of differ-
ent ions was calculated to be as follows: Ar1+ - 60 μs, Ar2+ - 42 μs, Ti1+ 
- 66 μs, and Ti2+ - 47 μs [17]. 

 
Langmuir Probe
To measure the electron density, plasma potential, and floating poten-
tial, time resolved LP measurements were performed. The distance 
between the magnetron target and the tip of the Langmuir probe was 
2.5 cm, 5 cm, 10 cm and 15 cm. At each distance the I-V characteristic 
of the Langmuir probe was measured in time resolved mode. The mea-
surements started at the start of the pulse and the last measurement was 
done at 600 μs. From 0 to 300 μs the step was 20 μs and between 300 
μs and 600 μs the step was 100 μs. The acquisition time was 20 μs. The 
trigger for the measurements was supplied from the power supply.
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Results and Discussion 
Langmuir Probe Results
The LP measurements of the electron density are presented in Figure 3 
a) and b) for Ar pressure of 1 and 3 Pa respectively.

For both pressures, the plasma density increases sharply during the 
pulse and reaches a peak of 2-2.5 ×1017 m-3 which occurs at the same 
time as the peak discharge current (Figure 2). After pulse switch-off, 
the plasma decays, however the density remains at a relatively high 
level of 5×1016 m-3 up to very long times > 600 μs. It is interesting to 
note that this density is comparable to conventional sputtering plasmas 
and is sustained for a large proportion of time between pulses. The 
results presented in Figure 3 allow studying the spatial distribution of 
the plasma at different times in the pulse. At very short times of < 50 
μs after pulse ignition, the plasma density is high near the target and 
significantly lower at long distances. As the plasma density reaches its 
peak at later times > 70 μs, it is observed to be homogeneously distrib-
uted throughout the chamber at all distances from 2.5-10 cm. 

Figure 3. The electron density as a function of time for different distances 
from the target at a) pressure of 1 Pa and b) pressure of 3 Pa

An exception is observed at high pressure and distance of 15 cm 
(Figure 3 b), which is consistently lower up to 300 μs when the plasma 
distributes itself homogeneously across the chamber. This indicates that 
the plasma requires several tens of microseconds to diffuse within the 
chamber volume, however it then remains homogeneous for several 
hundreds of microseconds. However, as MS measurements will show 
in the following sections, the plasma composition depends strongly on 
distance.

HIPIMS Plasma Discharge
continued from page 29

Time Averaged Mass Spectrometer Results
The spatial resolved time averaged IEDFs of Ti1+ and Ar1+ have been 
measured to show the ion energies present at the different distances from 
the target. Time resolved measurement showed the evolution of the ion 
energies in time at the different distances. The first set of measurements 
was done at pressure of 1 Pa and the second set of measurements was 
done at pressure of 3 Pa. 

At lower pressure of 1 Pa the Ar1+ IEDF, shown on Figure 4 a), shows 
a high proportion of ions with energies up to 80 eV at 2.5 cm and 5 cm 
distances. At 10 cm distance the highest detected ion energy is 30 eV and 
at 15 cm and 21 cm it is below 10 eV. At 2.5 cm distance the IEDF com-
prises two distributions, low energy peak and high energy distribution. 
At 5 cm an intermediate distribution is detected. The intermediate distri-
bution is detected at 10 cm, and 15 cm, while at 21 cm only a shoulder is 
detected at the energies of the intermediate distribution. The low energy 
peak comprises thermalised ions and the high energy distribution ions 
are probably created through process of elastic collisions with the high 
energy metal ions. 

 The IEDF of Ti1+ ions comprises of two distributions, low energy 
peak and high energy distribution. At all distances the ions with energies 
up to 100 eV have been detected. High energy distribution of the metal 
ions comes from electron impact ionisation of the sputtered metal atoms 
which have a Thompson distribution [18]. The reduction of intensity 
of the high energy distribution and increase of the low energy peak 
maximum with distance can be seen on Figure 4 b).

Figure 4. Time averaged ion energy distribution (IEDF) of a) Ar1+ ions and b) Ti1+

ions as function of distance at pressure of 1Pa 

The IEDF of Ar1+ and Ti1+ ions measured at different distances at 
pressure of 3 Pa, shown on Figure 5 a), exhibits a different shape com-
pared to low pressure measurements. The high energy distribution is 
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reduced to a shoulder rather than separate distribution. The maximum 
energy of Ar1+ ions at 5 cm is now reaching 20 eV compared to 80 eV 
at low pressure at the same distance. From 10 cm distance until 21 cm 
the Ar1+ IEDF comprises only one low energy distribution with ions up 
to 6 eV.

The high energy distribution of the Ti1+ IEDF, shown on Figure 5 
b), strongly reduces with distance. At 21 cm distance the Ti1+ IEDF is a 
narrow peak comprising ions with energies below 10 eV.

Figure 5. Time averaged ion energy distribution (IEDF) of a) Ar1+ ions and b) 
Ti1+ ions as function of distance at pressure of 3 Pa.

The flux of Ar1+, Ti1+, Ar2+, Ti2+ ions presented at various distances 
from the target, calculated as integral of IEDF, is shown on Figure 6. 
The Figure 6 a) shows the ion flux measured at low pressure comprises 
both single and double charged ions and with the dominant metal ions 
at all distances. The highest amount of metal ions, both Ti1+ and Ti2+, 
at low pressure measurements is detected at distance of 15 cm. The flux 
of the Ar1+ and Ar2+ ions reaches the maximum at 10 cm.

The ion flux results at high pressure show very small representation 
of doubly charged ions compared to low pressure results. The peak of 
ion flux is reached at 10 cm, both for metal and gas singly charged ions. 
The high number of ions detected at 10 cm and 15 cm from the target 
is probably the consequence of ion’s long lifespan in that region that can 
be seen on Figure 7 and Figure 9.

 Figure 6. The ion flux of Ar1+, Ti1+, Ar2+, Ti2+ ions as a function of distance for 
a) pressure of 1Pa and b) pressure of 3 Pa.

The results show that the metal ion-to-gas ion ratio varies strongly 
as a function of distance from the target. This could have implications 
on film growth conditions. Metal ion rich regions would support a 
higher density microstructure due to a high mobility of depositing 
species. Regions with high content of gas ions would experience higher 
re-sputtering rates.

Time Resolved Mass Spectrometer Results
The IEDF of Ar1+ and Ti1+ ions in time resolved mode has been mea-
sured for five distances from the magnetron target. On Figure 7 and 
Figure 9 the fluxes of gas and metal ions have been plotted as a func-
tion of time and distance from the target at pressure of 1 Pa and 3 Pa, 
respectively. The x axis is the distance from 2.5 cm to 21 cm with a step 
of 2.5 cm. The y axis is the time from the start of the pulse until 1200 μs 
from the start of the pulse. The z axis is presented in arbitrary logarith-
mic units of the measured data. 

The time evolution of the Ar1+ ion flux at 1 Pa, Figure 7 a), shows 
a high density of Ar1+ ions near the target region during the pulse 
on-time and substantially lower density at longer distances. In the post 
discharge the density of Ar1+ ions is steadily falling, faster in the near 
target region and slower at longer distances. At 1200 μs the highest 
density of gas ions is present at 10 cm that indicates long lifespan of gas 
ions that could be the explanation for the high Ar1+ ion flux at 10 cm 
measured by the time averaged measurements on Figure 6 a). 

The ion flux of metal ions is high not just at short distances but also 
at long distances from the target during the pulse on-time. After the 

continued on page 32
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pulse, the ion density in the vicinity of target has a steep fall, probably 
due to the proximity of the grounded MS body that acts as a sink for the 
electrons. Even at 1200 μs relatively high density of metal ions around 
15 cm is detected. This is in good agreement with the LP measurements 
in Section 3.1 and the work published by Bohlmark et al. [19] both of 
which demonstrate the existence of plasma at similar distances from the 
target for a long time. The MS results confirm the presence of long lived 
plasma. They also show that the decay of metal ions is much slower 
than that of gas ions. This indicates that the long-lived plasma com-
prises mainly metal ions. The maximum of ion flux measured with time 
averaged measurements at 15 cm on Figure 6 a) could be a result of the 
long lifespan of metal ions at 15 cm distance.

Figure 8 represents the average energies of the gas and metal IEDFs. 
The average energy of gas ions, shown on figure 7 a), at distances of 
2.5 cm and 5 cm is 11 eV and 7 eV, respectively. This indicates that 
ions created near the target are being heated through elastic collisions 
with high energy metal atoms and ions. The maximum of the gas ions 
average energy is reached at 80 μs which coincides with the pulse peak 
current after which the energy falls rapidly to a value of 1 eV. At longer 
distances the maximum is considerably lower and has a value between 
3 eV and 4 eV. 

The average energy of Ti1+ ions, Figure 8 b), indicates that the 
high ion flux observed at longer distances (Figure 7 b) is a result of 
high energy ions that travel with high velocity. The orifice of the mass 
spectrometer was positioned facing the centre of the magnetron target 
due to chamber setup, and this could be the reason for the low values 
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Figure 7. The ion flux of a) Ar1+ and b) Ti1+ as a function of time and distance at pressure of 1 Pa. 
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is localised at distance of 10 cm. The shape of ion flux as a function of 
distance at 1200 μs corresponds well with the shape of ion flux measured 
with the time averaged measurements (Figure 6 b). 

Figure 9. The ion flux of a) Ar1+ and b) Ti1+ as a function of time and distance 
at pressure of 3 Pa

of average energy at short distances observed in Figure 7 b). During the 
post-discharge the high density of ions at longer distances is the result of 
plasma diffusion. After 300 μs the metal ions average energy is below 2 
eV. The power input is ceased at these times and doesn’t produce addi-
tional high energy particles. The high energy particles generated during 
the pulse are either thermalised or lost to the walls, and therefore only 
thermalised metal ions can be detected.

Figure 8. The average energy of a) Ar1+ IEDF and b) Ti1+ IEDF as a function of 
time at different distances from the target. The pressure was 1 Pa.

The measurements of the ion flux at high pressure for Ar1+ ions, 
Figure 9 a), show a considerably different spatial evolution. The density 
of Ar1+ ions is very high at the 2.5 cm distance, at 5 cm the density is 
reduced and constant until 21 cm. This could be attributed to mobile 
electrons reaching up to 15 cm distance during the pulse on phase. The 
electron density measured with a Langmuir probe at high pressure, 
shown on Figure 3 b), show peak electron density of 1.5 × 1017 m-3 at 
distances up to 10 cm, and peak density of 7× 1016 m-3 at 15 cm. In the 
post-discharge the gas ion flux, constituted thermalised ions as shown 
on Figure 10 a), is detected in region from 5 cm to 15 cm. Again the 
long lifespan of ions in this region corresponds well with the shape of 
ion flux from the time averaged measurements on Figure 6 b).

The metal ions diffusion is influenced by the high working pressure 
as the ion flux shown on Figure 9 b) has a high value in the vicinity 
of the target and as the distance is increased the ion flux is linearly 
decreased. It is in the contrast with the low pressure measurements 
where high energy ions were able to diffuse faster. Due to the high pres-
sure and short mean free path distance, high energy ions are localized to 
the near target region during the pulse, as shown on Figure 10 b). The 
reduction of the average energy with the distance during the pulse could 
be attributed to high density of cold gas atoms and ions and short mean 
free path of around 0.5 cm. The bulk of metal ions detected at 1200 μs 

continued on page 34
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Figure 10. The average energy of a) Ar1+ IEDF and b) Ti1+ IEDF as a function of 
time at different distances from the target. The pressure was 3 Pa.

Conclusions
We have successfully measured ion energy distribution function of 
Ti1+, Ti2+, Ar1+ and Ar2+ ions with the spatial and temporal resolution. 
The time average measurements show the dominance of the metal ions 
in the plasma at all distances both for the low and high pressure. At 
low pressure both single and doubly charged metal and gas ions are 
detected while at high pressure only single charged metal and gas ions 
are detected. The peak of the ion flux has been detected in the region 
between 10 cm and 15 cm. The long lifespan of ions in that region, 
measured with the time resolved measurements, could be the cause 
for high ion fluxes in that region. The long lifespan of the ions could 
be beneficial for the coating deposition through long period of ions 
impinging on the substrate reducing the stress and reducing the deposi-
tion of contaminants.
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