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 A B S T R A C T

This paper presents a study on the measurement of particle fluxes (Al, Al+, Cr, Cr+, Ar+) at the substrate 
position during magnetron sputtering deposition. The fluxes were investigated for pure aluminium and 
chromium targets, as well as their alloy. The industrial magnetron deposition system employs a novel focused 
magnetron sputtering technique, where only a small portion of the cylindrical target is sputtered at a given 
time because the plasma is confined to a narrow ring enclosing the target and, thanks to movable magnets, 
periodically moves over the entire length of the cylinder. This arrangement enables very high power densities 
(∼625W.cm−2) to be achieved using a continuous direct current power supply. Using a biasable quartz 
crystal microbalance system, both atomic and ionic fluxes of the metal particles were quantified. The same 
system, configured as a flat Langmuir probe in a saturated ion flux region, was also used to measure the 
total ion flux. To differentiate between the aluminium and chromium fluxes sputtered from the alloy target, 
Rutherford backscattering spectrometry of the deposited samples was used. This pioneering approach enables 
the quantification and differentiation of atomic and ionic species of film-forming elements, as well as the argon 
ion flux, which are critical parameters in thin-film deposition. Despite the ionised metal flux fraction of the 
sputtered species reaching around 15%, the flux of metal ions on the substrate is ten times lower than that of 
argon ions.
1. Introduction

The ionisation of sputtered species during thin film deposition using 
magnetron sputtering significantly influences the quality and properties 
of the resulting thin films. Ionised species enhance the adhesion of the 
thin film to the substrate [1] and help deposit a more compact and 
dense structure with reduced porosity [2–4]. This leads to improved 
mechanical properties such as hardness and wear resistance [5,6]. 
Additionally, ion bombardment contributes to achieving a smoother 
surface [7–9]. The energy and flux of the ionised species can be 
controlled to manage the residual stress within the thin film, the film’s 
composition, microstructure, and texture [10–14], enabling customi-
sation for specific applications such as protective coatings [15–17], 
optical coatings [18,19], and semiconductor devices [20,21]. Overall, 
the ionisation of sputtered species is a critical factor in producing 
high-quality thin films with desirable properties for various industrial 
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applications. Therefore, achieving the highest possible ionisation is 
highly desirable.

The ionisation of the sputtered species can be determined utilising 
a biasable quartz crystal microbalance (QCM) system, from which the 
ionised metal flux fraction (IMFF) is derived. The biasable QCM was 
employed to investigate ionisation in the laboratory system for wide 
range of single elements such as Al [22,23], C [22,23], Cu [24–27], 
Cr [28], Fe [29], Ni [30] and Ti [23,30–35]. Recently, the biasable 
QCM was successfully used in the industrial environment to investigate 
ionisation of direct current magnetron sputtering (DCMS) for Al, Cr and 
Ti targets [36], DCMS enhanced by large-volume lateral arc discharge 
using Ti target [37] as well as focused magnetron sputtering using Ti 
target [38].

The use of alloy targets in magnetron sputtering offers several 
advantages over single-element targets. By providing a fixed elemen-
tal ratio, alloy targets enable the deposition of films with uniform 
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Table 1
Discharge characteristics in an industrial system. The racetrack area is about 40 cm2.
 𝑝 𝑃 𝑃∕𝑆 Al Cr AlCr alloy
 (Pa) (kW) (W cm−2) 𝑈 𝐼 𝑗 𝑈 𝐼 𝑗 𝑈 𝐼 𝑗  
 (V) (A) (mA cm−2) (V) (A) (mA cm−2) (V) (A) (mA cm−2) 
 0.28 5 125 432 11.5 288 394 12.8 320 361 13.9 348  
 0.28 10 250 422 23.8 595 405 24.7 618 357 28.0 700  
 0.28 15 375 427 35.2 880 417 36.4 910 357 42.3 1058  
 0.28 20 500 447 44.7 1118 437 45.8 1145 362 54.4 1360  
 0.28 25 625 483 51.9 1298 470 53.3 1333 – – –  
 0.52 20 500 440 45.4 1135 420 47.7 1193 355 56.4 1410  
 0.98 20 500 440 45.4 1135 410 48.9 1223 347 57.3 1433  
and reproducible composition. In contrast, co-sputtering from separate 
elemental targets often introduces compositional variations, as differ-
ences in sputtering yields cause uneven erosion rates [39], leading 
to stoichiometric drift in the growing film. Employing a single alloy 
cathode enhances plasma stability and simplifies scaling, enabling a 
smoother transition from laboratory-scale experiments to industrial 
applications [40]. Moreover, alloy targets simplify the sputtering setup 
by eliminating the need to independently regulate multiple magnetrons 
or power supplies. This reduction in system complexity is particularly 
advantageous for industrial-scale and long-duration coating processes.

Metal ions play a crucial role in enhancing the properties of thin 
films. However, each metal has different ionisation cross-sections and 
ionisation potentials [41]. Therefore, it is essential to understand which 
elements are more likely to be ionised and which may be more suscep-
tible to back-attraction, a phenomenon observed in high-power impulse 
magnetron sputtering (HiPIMS) [42,43]. To evaluate the behaviour 
of various metals, both individually and in alloys, under industrial 
conditions, QCM measurements were utilised.

2. Experimental

2.1. Industrial sputtering system

Fig.  1 shows a schematic drawing of the physical vapour deposition 
(PVD) unit DRAK developed by SHM s.r.o., Šumperk, Czech Repub-
lic [44]. The chamber with dimensions 580 L  ×650W  ×705H (mm) is 
evacuated to a base pressure below 9×10−3 Pa with a tandem assembly 
of Pfeiffer Hena41 rotary and Pfeiffer HiPace 700M turbo-molecular 
pumps. Argon gas is introduced from the top of the chamber over MKS 
500 sccm flow meter and the working pressure is measured using the 
MKS 627F Baratron gauge. The carousel substrate holder is capable 
of rotating in three planetary rotation axes around the magnetron 
cathode situated in the centre of the chamber. The system utilises a 
rotating cylindrical cathode equipped with a cylindrical target 50 cm 
long, 10 cm in diameter and 1 cm thick. For this study, a novel 
coating deposition technology called moving focused magnetic field 
magnetron sputtering (𝐹 -MS) [38,45] is used. In 𝐹 -MS, the magnet 
arrangement creates a 40 cm2 ring-shaped erosion zone (racetrack) 
sputtering particles around the 360-degree circumference of the ring. 
To sputter over the entire length of the cathode, the magnets within a 
cylindrical target are moved periodically along the entire length of the 
cathode with a frequency of 1.2 Hz. Throughout the experiments, three 
distinct materials were sputtered from a rotating cylindrical target: 
aluminium, chromium and AlCr alloy (60:40). The magnetron cathode 
is supplied with power up to 25 kW by a TruPlasma DC 4040 (G2) 
DC generator manufactured by TRUMPF Hüttinger. Such high power 
delivery is only possible due to the highly efficient cooling of tubular 
targets [46]. The discharge conditions used in this paper are typical for 
an industrial process, all are summarised in Table  1.

2.2. Biasable quartz crystal microbalance

A biasable quartz crystal microbalance system was utilised to mea-
sure the flux of metal atoms and ions, from which the ionised metal 
2 
Fig. 1. Schematics of the industrial system with the indicated position of the 
biased QCM. The pink areas represent the discharge in front of the magnetron 
cathode.

flux fraction was derived as the ratio of metal ions flux to the sum of 
metal ion and metal atom fluxes [47]. For measurement, the rotation of 
the substrate holder was stopped and the whole carousel was kept on 
the ground potential. The QCM system consisted of two Inficon FTM-
2400 sensors placed on one substrate holder, 14 cm from the middle 
of the magnetron cathode directly facing it. One sensor in the QCM 
system was standard, collecting both atomic and ionic fluxes of the 
film-forming species, while the second sensor was positively biased by 
30V to repulse positive ions [48] and measured only the atom flux 
of film-forming species. The biasable QCM sensor was shielded from 
enhanced electron bombardment by placing it into the metal box with a 
measurement window, where a metal grid was situated, and the whole 
encasing was kept at ground potential. This ensured that no parasitic 
discharge was created on the biased QCM and that the surface potential 
(outside the sensor itself) was the same as the rest of the substrate. 
Note that the measured flux of the metal species must be corrected 
for the transmittance of a grid [37], which was obtained during the 
calibration process when both QCM sensors were kept at the ground 
potential. Additional details about biasable QCM measurements can be 
found in the literature [29–31].

The eigenfrequency of the quartz crystal within the QCM sensor 
changes as the film is being deposited onto its surface. This frequency 
change is proportional to the mass that has been deposited. Thus, the 
data were recalculated to obtain particle flux (both atomic and ionic) 
and the results for each target material could be compared. More details 
can be found in the previous manuscript [34].

For the quality of the growing film, even a bombardment by non-
reactive argon ions is essential [49,50]. The biasable QCM allows it to 
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be reconfigured to essentially work as a flat Langmuir probe. For the 
experiments, a biasable QCM equipped with the grid was used, and the 
grid transmissivity for the argon ions is assumed to be the same as for 
the metal ions; therefore, the same grid correction factor was applied. 
As the surface of the crystal exposed to the deposition is biased by -
50V, all electrons are repulsed and the current flowing through the 
crystal is equal to the saturated ion current. This current is measured 
as a voltage drop induced on 470𝛺 resistor and captured by a 1/10 
differential probe connected to the Rigol MSO5104 oscilloscope. If only 
single-charged ions are considered in the discharge, the Langmuir probe 
regime provides overall ionic flux, while biased QCM provides metallic 
flux. Subtracting metallic flux thus allows the calculation of the argon 
ion flux [35].

2.3. Coating deposition and analysis

Si (100) wafers, cut into 1 × 1.5 cm pieces, were used as substrates. 
They were first ultrasonicated for 1min in an acetone bath, followed by 
another 1min in an isopropanol bath. The samples were then mounted 
on a motorised substrate holder, positioned 14 cm from the middle 
of the magnetron cathode, directly facing it — identical to the QCM 
positioning with metal grid. The substrates were either grounded or 
biased to 30V to replicate the QCM conditions. No intentional heating 
was applied, and each deposition lasted 10 min.

The chemical composition of the coatings was analysed using ion 
beam analytical techniques, specifically Rutherford Back-scattering 
spectrometry (RBS) and elastic recoil detection analysis (ERDA), em-
ploying the tandem accelerator Tandetron MC4130 at the Nuclear 
Physics Institute in Řež near Prague. In the RBS experiments, beams of 
H+ and He+ ions were utilised at several discrete energies: 1.74MeV, 
which provides enhanced sensitivity for carbon; 2.0MeV; 2.5MeV, 
measured simultaneously with ERDA; 3.07MeV, offering improved 
sensitivity for oxygen; and 3.72MeV, which is particularly effective 
for nitrogen analysis. The choice of these energies was motivated by 
the presence of resonant scattering cross sections that significantly 
enhance the detection sensitivity for light elements such as carbon and 
nitrogen. The scattered ions emerging from the sample were detected 
using an ORTEC ULTRA-series silicon detector, featuring an active area 
of 50mm2 and a depletion layer thickness of 300 μm. The detector was 
positioned at a scattering angle of 170◦, with a slight offset of 10◦ out 
of the plane, to optimise the collection of backscattered particles. For 
ERDA measurements, 2.5MeV He ions were employed at an incident 
angle of 75◦, corresponding to a scattering angle of 30◦. To suppress the 
detection of lighter recoiled particles and ensure selective measurement 
of heavier ions, the detector was covered with a 12 μm thick PET foil. 
The overall energy resolution of the detection system was determined 
to be 25 keV, sufficient to resolve elemental contributions in the thin 
film samples under investigation.

This experimental configuration, combining RBS and ERDA, allowed 
for a comprehensive characterisation of the elemental composition and 
depth profiles of the studied materials. The use of resonant RBS energies 
provided enhanced sensitivity for light elements, particularly carbon 
and nitrogen, which are otherwise challenging to quantify due to 
their low scattering cross sections under purely Rutherford conditions. 
By exploiting these resonances, the accuracy and reliability of the 
compositional analysis were significantly improved, enabling precise 
determination of stoichiometry and impurity levels in the investigated 
samples.

2.4. Determination of individual element ionisation in the deposition of AlCr 
alloy

To determine fluxes of the individual elements sputtered from the 
AlCr alloy, one has to differentiate them separately from the QCM mea-
surement. For this task, a motorised biasable substrate holder equipped 
with the same grid as the biasable QCM assembly was used to deposit 
3 
Table 2
Properties of investigated target materials [41]. 𝐸iz.1 and 𝐸iz.2 denote the first 
and second ionisation potential of the given material, respectively. The sputter 
yield for argon (Ar) and self-sputter (SS) yield are obtained from the sputter 
yield calculator for incident energy of 450 eV [51]. 
 Al Cr Ar  
 At. mass (amu) 26.98 51.99 39.95 
 𝐸iz.1 (eV) 5.99 6.77 15.76 
 𝐸iz.2 (eV) 18.83 16.49 27.63 
 Sputter yield 0.91 1.23 –  
 (Ar 450 eV)  
 Sputter yield 0.88 1.30 –  
 (SS 450 eV)  

thin films under the same deposition conditions as the biasable QCM 
was measuring. Because of the very high deposition rate of the 𝐹 -MS, 
the deposition took only a few minutes. After deposition, the atomic 
composition of the samples was determined by RBS, while unwanted 
contaminants such as oxygen and carbon were omitted. In the biased 
QCM case, deposited mass flux 𝑀𝑏 consists only of neutral atoms, 
to distinguish between the neutral mass flux of aluminium 𝑀𝐴𝑙 and 
chromium 𝑀𝐶𝑟 following formulas are used: 

𝑀𝐴𝑙 = 𝑀𝑏
𝐶𝑏,𝐴𝑙 𝑚𝐴𝑙

𝐶𝑏,𝐴𝑙 𝑚𝐴𝑙 + 𝐶𝑏,𝐶𝑟 𝑚𝐶𝑟
(1)

𝑀𝐶𝑟 = 𝑀𝑏
𝐶𝑏,𝐶𝑟 𝑚𝐶𝑟

𝐶𝑏,𝐴𝑙 𝑚𝐴𝑙 + 𝐶𝑏,𝐶𝑟 𝑚𝐶𝑟
(2)

where 𝐶𝑏,𝐴𝑙 and 𝐶𝑏,𝐶𝑟 are relative atomic compositions obtained from 
EDX and 𝑚𝐴𝑙 and 𝑚𝐶𝑟 are atomic masses. In the unbiased case, the 
depositing mass flux 𝑀𝑢 consists of both neutrals and ions, and to 
derive the ionic mass flux for aluminium 𝑀𝐴𝑙+  and chromium 𝑀𝐶𝑟+

following equations are used: 

𝑀𝐴𝑙+ = 𝑀𝑢
𝐶𝑢,𝐴𝑙 𝑚𝐴𝑙

𝐶𝑢,𝐴𝑙 𝑚𝐴𝑙 + 𝐶𝑢,𝐶𝑟 𝑚𝐶𝑟
−𝑀𝑏

𝐶𝑏,𝐴𝑙 𝑚𝐴𝑙

𝐶𝑏,𝐴𝑙 𝑚𝐴𝑙 + 𝐶𝑏,𝐶𝑟 𝑚𝐶𝑟
(3)

𝑀𝐶𝑟+ = 𝑀𝑢
𝐶𝑢,𝐶𝑟 𝑚𝐶𝑟

𝐶𝑢,𝐴𝑙 𝑚𝐴𝑙 + 𝐶𝑢,𝐶𝑟 𝑚𝐶𝑟
−𝑀𝑏

𝐶𝑏,𝐶𝑟 𝑚𝐶𝑟

𝐶𝑏,𝐴𝑙 𝑚𝐴𝑙 + 𝐶𝑏,𝐶𝑟 𝑚𝐶𝑟
(4)

Then the IMFF can be differentiated between aluminium and
chromium as 

𝐼𝑀𝐹𝐹𝐴𝑙 =
𝑀𝐴𝑙+

𝑀𝐴𝑙+ +𝑀𝐴𝑙
, 𝐼𝑀𝐹𝐹𝐶𝑟 =

𝑀𝐶𝑟+

𝑀𝐶𝑟+ +𝑀𝐶𝑟
(5)

To determine the particle fluxes of each element, the mass flux 
calculated previously is divided by the atomic mass of a given ele-
ment. This allows for a quantitative comparison of the aluminium and 
chromium particle fluxes with the argon flux.

2.5. Material properties

The properties of the investigated materials – aluminium and
chromium – are summarised in Table  2. The table includes sputter-
ing yields collected from a sputter yield calculator from the Surface 
Physics Group at TU Wien [51], which is based on empirical equations 
for sputter yields at normal incidence [52]. The sputter yields were 
calculated for Ar ions as well as target material ions that impinge on 
the target surface with an energy of 450 eV, in Table  2 denoted as Ar 
or self-sputtering (SS), respectively.

3. Results and discussion

3.1. Aluminium

Fig.  2(a) shows the particle flux as a function of the applied power 
at a working pressure of 0.28Pa using the aluminium cathode. The 
flux for all investigated particles, i.e., Al atom, Al ion and Ar ion, 
increases roughly linearly with increasing power in all studied cases. An 
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increase in both Al ion and Ar ion fluxes can be expected as supplying 
higher power into the discharge requires higher current densities, 
which during the measurement increased from 0.3 to 1.3A⋅cm−2. As a 
result, the ionisation probability for all species is higher. Additionally, 
higher power leads to more particles being sputtered, and thus the flux 
of Al atoms significantly increases. Note that the atomic flux shows no 
saturation for higher power, suggesting that the majority of Al atoms 
are still not ionised near the target. The Ar ion flux is roughly ten times 
higher than the Al atomic flux and also shows no saturation despite 
using a fairly low pressure of 0.28Pa.

The effect of pressure on particle fluxes for the Al target was 
investigated in the same industrial system for 20 kW of applied power 
and pressure from 0.28Pa to 0.96Pa, which are the limiting pressures 
for practical use in a given PVD system. The results are depicted in 
Fig.  2(b), where all three fluxes show roughly constant trends. This 
observation is in agreement with our previous report [34], in which 
it was observed that for the standard DCMS cathode at similar power 
densities, the change in pressure had seemingly no effect on the fluxes. 
This can be explained by the much higher supply of argon atoms 
compared to the amount of argon being ionised, even at the lowest 
investigated pressure. The discharge current determines the ion produc-
tion rate, and under comparable current conditions, a similar number 
of argon ions is generated, largely independent of the working pressure. 
Although not all created ions return to the target due to transport 
losses, a substantial fraction contributes to sputtering, resulting in 
comparable sputtered atom fluxes. Additionally, due to working-gas 
rarefaction [34], transport towards the substrate is only weakly affected 
by collisions, and similar particle fluxes are therefore observed for all 
investigated species across the studied pressure range.

An ionised metal flux fraction was calculated as a ratio between the 
Al ion flux and the sum of Al ion and Al atom fluxes; the result as a 
function of the applied power is depicted in Fig.  2(c). With power, the 
IMFF increases linearly from 6% for 5 kW up to about 16% for 25 kW. 
In the same Fig.  2(c), the IMFF is also depicted for different pressures 
used in Fig.  2(b) at an applied power of 20 kW. The pressure does not 
change the IMFF significantly as IMFF is in the range of 12%–15%, 
which is within the error of the measurement range.

The highest IMFF values observed in this study exceed those re-
ported for laboratory-scale DC magnetron sputtering by an order of 
magnitude [53–55], yet align with recent measurements in industrial 
DC magnetron sputtering [36–38]. The IMFF values reported here 
(6%–16%) are higher than those observed in standard industrial DCMS 
(2–10%) using a cylindrical rotating cathode under the same working 
pressure and applied power [36]. Despite using the same target size, in 
𝐹 -MS the racetrack area is squeezed to an even smaller area of around 
40 cm2 where the discharge current density reaches up to 1.3A.cm−2, 
a value comparable to a lab-scale HiPIMS discharge [32,56]. In com-
parison, laboratory-scale HiPIMS experiments with aluminium targets 
at distances of 4 or 8 cm, a pressure of about 0.5 Pa and current density 
in the range of 0.5–2A.cm−2 have reported IMFF values ranging from 
10% to 50% [22,23].

3.2. Chromium

The same set of experiments was conducted using a chromium 
target, and the results are shown in Fig.  3. The evolution of particle 
fluxes as a function of applied power at a working pressure of 0.28Pa is 
presented in Fig.  3(a). The fluxes of all investigated species – Cr atoms, 
Cr ions, and Ar ions – increase almost linearly with increasing power 
in all studied cases.

As shown in Fig.  3(b), variations in pressure do not significantly 
affect all particle fluxes, for the same reason as in the case of Al 
sputtering.

Fig.  3(c) illustrates the ionised metal flux fraction for chromium 
as a function of the applied power. The IMFF increases up to 15 kW, 
then the increase slows down and seemingly starts to saturate, reaching 
4 
Fig. 2. Flux of aluminium atoms, aluminium ions and argon ions as a function 
of power at working pressure of 0.28Pa (a), as a function of pressure for power 
of 20 kW and ionised metal flux fraction (IMFF) of aluminium as a function 
of power for different working pressures (c). Note, in figures (a) and (b) the 
argon ion flux is multiplied by a factor of 0.1 for clear visualisation with other 
fluxes.
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Fig. 3. Flux of chromium atoms, chromium ions and argon ions as a function 
of power at working pressure of 0.28Pa (a), as a function of pressure for power 
of 20 kW and ionised metal flux fraction (IMFF) of chromium as a function of 
power for different working pressures (c). Note, in figures (a) and (b) the argon 
ion flux is multiplied by a factor of 0.1 for clear visualisation with other fluxes.
5 
Fig. 4. Flux of aluminium atoms, aluminium ions, chromium atoms, 
chromium ions and argon ions as a function of power at working pressure 
of 0.28Pa for the AlCr (60:40) alloy target. The argon ion flux is multiplied 
by a factor of 0.1 for better comparison with other fluxes.

approximately 14% at 25 kW. The effect of pressure on IMFF was 
examined at 20 kW, which revealed no significant variation, as it 
remained between 14% and 16%, which is within the measurement 
error.

Compared to standard industrial DCMS [36], the 𝐹 -MS technology 
achieves higher ionisation also for chromium. In industrial DCMS, only 
about 5% ionisation was observed at an applied power of 40 kW under 
a similar working pressure of 0.25Pa [36].

3.3. AlCr alloy

The same set of experiments as for the pure Al and Cr targets was 
conducted for the AlCr alloy target (60:40), and the results are shown 
in Fig.  4. To differentiate between aluminium and chromium fluxes, the 
procedure using RBS measurement on deposited coatings described in 
Section 2.4 was used.

Fig.  4 presents the particle fluxes as a function of the supplied 
power. Moreover, Table  3 summarises fluxes of sputtered species for 
20 kW applied power on Al, Cr and AlCr targets for direct comparison. 
For the compound target, the particle flux of all studied particles 
increases linearly with an increase in power. Additionally, the ratio 
between the aluminium and chromium species is roughly identical to 
the compositional ratio of the target from which they are sputtered. 
This is consistent with the behaviour of composite targets, where the 
fluxes of sputtered particles of each element in the target reflect the 
compositional ratio of the target itself, even when the sputter yields of 
the individual elements differ. This occurs because the target is sput-
tered at an atomic level, without mixing the elements [57]. Since the 
fluxes of sputtered particles reaching the substrate match the target’s 
compositional ratio, it can be inferred that both elements, Al and Cr, 
were transported to the substrate and scattered by argon in a similar 
manner. However, it is noteworthy that the overall flux of all particles 
arriving at the substrate (sum of Al, Al+, Cr, Cr+) from the composite 
target is higher than the corresponding flux from both pure Al and pure 
Cr targets at the same applied power. This indicates that the sputtering 
from the composite AlCr target is more efficient than that from the 
pure Al or Cr targets. This phenomenon, often achieved by adding a 
heavy element to a target composed of lighter elements, is referred to 
as sputter amplification [57,58]. Fig.  5 shows the IMFF of aluminium 
and chromium, calculated from the same results depicted in Fig.  4, as 
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Table 3
Flux of particles for different Al, Cr and AlCr alloy targets for working pressure of 0.28Pa and power of 20 kW. 
 Target Al atom Al ion Cr atom Cr ion Ar ion Sum of Sum of all  
 flux flux flux flux flux metallic species ions  
 ×1016 s−1 cm−2 ×1015 s−1 cm−2 ×1016 s−1 cm−2 ×1015 s−1 cm−2 ×1017 s−1 cm−2 ×1016 s−1 cm−2 ×1017 s−1 cm−2 
 Aluminium 1.33 1.72 – – 1.23 1.50 1.25  
 Chromium – – 1.45 2.37 1.22 1.68 1.25  
 AlCr alloy 1.04 0.87 0.65 1.13 1.53 1.89 1.55  
a function of the discharge power for the AlCr alloy. The uncertainty of 
such a calculation is relatively high (approximately 30%), as it includes 
compounding contributions from both the subtraction of QCM signals 
and the multiplications from RBS measurements. Noticeably, points at 
the 10 kW of power are outliers, mainly induced by the composition 
measurement. Nevertheless, the results clearly show that the IMFF 
of chromium is consistently higher than that of aluminium. For both 
elements, the IMFF increases nearly linearly with power, reaching 
approximately 15% for Cr and about 8% for Al at 20 kW. The total 
flux of Ar+ ions was higher for the alloy target than for the elemental 
targets, which can be explained by the overall higher discharge current 
of the alloy target, as shown in Table  1.

These findings highlight a fundamental difference in alloy sput-
tering, where, despite the fact that a higher amount of aluminium is 
being sputtered and that aluminium has a lower ionisation potential 
than chromium, the flux of Al+ is almost identical to the flux of Cr+. 
Also, the data presented here indicate that the IMFF of Al is lower 
when sputtering from the composite target than from a pure Al target, 
whereas the IMFF of Cr shows no significant difference between the 
composite and pure targets. Several mechanisms may contribute to the 
observed differences in ionisation behaviour. To estimate the residence 
time of sputtered atoms in the plasma, the mean velocities of Al and 
Cr atoms leaving the target were calculated using the SDTrimSP [59] 
simulation code for Al, Cr, and AlCr targets. The calculations show 
that the velocities of atoms sputtered from the composite target are 
comparable to those obtained for elemental targets, yielding mean 
velocities of approximately 7.6 km.s−1 for Al and 5.6 km.s−1 for Cr. 
Consequently, aluminium atoms are expected to interact with the mag-
netised plasma for a shorter time than chromium atoms. However, this 
difference alone cannot explain the reduced ionisation of aluminium 
observed for the composite target compared to the pure Al target, as 
the calculated velocities are essentially unchanged between sputtering 
of the elemental and composite targets. Further insight can be obtained 
by considering the electron-impact ionisation rate coefficients, which 
are available in the literature for Al [60] and Cr [61], both strongly 
dependent on the electron temperature. Literature [62] also provides 
experimentally measured electron temperatures during HiPIMS sput-
tering of elemental Al and Cr targets, indicating a significantly higher 
electron temperature for Al sputtering (approximately 2.6 eV) than for 
Cr sputtering (approximately 1.5 eV). Given the similarities in discharge 
characteristics between 𝐹 -MS and HiPIMS, it is reasonable to assume 
that the electron temperatures in the 𝐹 -MS experiments with elemental 
targets are of comparable magnitude, with a higher electron temper-
ature expected for Al target sputtering than for Cr target sputtering. 
It can be speculated that during sputtering of the AlCr composite 
target, where Al and Cr atoms coexist in the plasma, chromium atoms 
cool the electrons more efficiently than aluminium atoms. As a result, 
the electron temperature during composite AlCr target sputtering is 
expected to be closer to the value of Cr target sputtering than to that of 
Al target sputtering. This reduced electron temperature of AlCr target 
sputtering, compared to sputtering from a pure Al target, leads to a 
significantly lower ionisation probability of aluminium, which explains 
the lower IMFF observed for Al during sputtering from the composite 
target. At the same time, the ionisation conditions for chromium remain 
similar to those present during sputtering of a pure Cr target, which 
naturally explains the comparable IMFF values observed for chromium 
in both cases. For completeness, it should be noted that sputtering 
6 
Fig. 5. Ionised metal flux fraction (IMFF) of distinguished Al and Cr ionisation 
for AlCr alloy discharge as a function of power at working pressure of 0.28Pa.

from the composite AlCr target was associated with a higher discharge 
current (54A) than sputtering from pure Al and Cr targets (45A and 
43A, respectively), implying a higher electron density in the plasma. 
Nevertheless, given the strong dependence of the ionisation rate co-
efficients on the electron temperature, the ionisation probability is 
expected to be much more strongly influenced by variations in electron 
temperature than by the moderately increased electron density in the 
plasma. Consequently, the electron temperature effect is considered to 
dominate the observed ionisation behaviour.

Based on the present experiment, it is, however, not possible to un-
ambiguously determine which of these effects dominates; the observed 
behaviour is likely caused by a combination of these, or potentially 
additional, mechanisms. Moreover, the plasma motion characteristic 
of 𝐹 -MS technology is not well-suited for detailed diagnostics of the 
deposition plasma, which further limits the ability to resolve these 
effects. Nevertheless, the results presented here clearly demonstrate 
that insights derived from the sputtering of elemental targets cannot 
be directly transferred to composite targets; the underlying processes 
differ.

4. Conclusion

This paper quantifies the particle fluxes obtained during the sputter-
ing of pure aluminium and chromium targets, as well as their alloy. A 
novel measuring approach was utilised, where a biasable QCM system 
determined the particle flux of film-forming species, and reconnecting 
the QCM system as a flat Langmuir probe allowed measurement of 
the argon ion particle flux. For the sputtering of the alloy target, RBS 
measurements allowed for the differentiation between metallic fluxes 
of individual metals.

This work provides a comparative analysis of Al, Cr, and AlCr 
sputtering under industrial 𝐹 -MS magnetron conditions and reveals 
several fundamental differences between sputtering from elemental and 
composite targets. The total sputtered particle flux measured for the 
alloy target was higher than the fluxes determined for both pure Al and 
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pure Cr targets, and the fluxes of individual species (Al and Cr) from 
the alloy target closely followed the elemental composition of the target 
itself. This demonstrates that the relative contributions of Al and Cr to 
the total particle flux are preserved during alloy sputtering, indicating 
that the sputter amplification effect is occurring.

Clear differences in ionisation behaviour were observed: the IMFF 
of Al was substantially lower when sputtering from the alloy target 
than from the pure Al target, while the IMFF of Cr remained essentially 
unchanged between the alloy and pure Cr targets. These findings show 
that the ionisation of sputtered species during alloy sputtering does not 
simply replicate the behaviour known from elemental targets. Several 
mechanisms may contribute to the altered ionisation dynamics, includ-
ing a shift of the Al ionisation zone closer to the target surface, leading 
to increased back-attraction, modifications of electron temperature due 
to the simultaneous presence of Al and Cr atoms in the plasma, or dif-
ferences in initial sputtering velocities affecting residence times in the 
magnetised plasma. Although the present experiment cannot identify 
which of these mechanisms is dominant, the observed trends are likely 
caused by a combination of these effects. Across all measurements, Ar+
remained the primary ion bombarding the substrate, indicating that it is 
the main driving force influencing the film growth. Moreover, the total 
Ar+ ion flux was higher for the compound target than for the elemental 
targets, which was ascribed to the higher discharge current using the 
compound target.
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