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Abstract: Co-sputtering of tungsten-aluminum fusion relevant materials in a dual- High Power 

Impulse Magnetron Sputtering discharge, operated in different Ar-D2 gas mixtures, was investigated by 

means of energy-resolving mass spectrometry. The average power on each target was varied between 5 

and 100 W by adjusting the pulse repetition frequency and keeping constant the target voltage and pulse 

duration. Experimental results indicate that the total ion flux is strongly dependent on both sputtering 

gas composition and average power applied to the targets. During single HiPIMS operation with W 

target, the D- ions are the most abundant species. The measured D- ion flux shows an increase with the 

D2 content in Ar-D2 gas mixture and a linear increase with the power applied to the W target. In contrast, 

during dual-HiPIMS operation, a decrease of D- ion flux was observed when the input power applied 

to the Al target was increased. The origin of different deuterium ion populations is also discussed. The 

structure and chemical composition of the W-Al coatings obtained in Ar-D2 were investigated by means 

of X-ray diffraction and Glow Discharge Optical Emission Spectroscopy. The results indicate the 

presence of W cubic polycrystalline phase and that the deuterium retention increases with the tungsten 

atomic percentage in the deposited coatings. The intense and energetic bombardment of the growing 

film with D- ions seems to be responsible for the large amount of D retained in the W-Al layers. 

 

Keywords: Co-deposited mixed layer, Aluminium-tungsten, Deuterium retention, Ion energy 

distributions (IED); Gaseous inclusion in thin films. 
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1. Introduction 

 

The dynamic development of civilization during the last 100 years is strongly linked to the 

availability of energy sources which are based mostly on fossil fuel used in both transportation 

and industry. The emerging clean renewable energies based on solar and wind power have a 

tremendous potential in covering the demand of domestic power consumption, but due to 

discontinuous exploitation, high costs, low yield and reliance on external meteorological 

factors. These energy resources are, however, somewhat unfit for use in industry. One 

promising power source for obtaining massive amounts of clean energy suitable for covering 

the ever-increasing demands is represented by nuclear fusion. This technology relies on the 

fusion of light hydrogen isotopes in magnetically confined plasma in a torus shaped device, 

known as tokamak. One of the serious concerns regarding the design of future nuclear fusion 

devices is represented by the erosion, migration and re-deposition processes of materials from 

plasma facing components under intense plasma wall interaction [1]. Materials eroded from 

the first wall and the divertor area can heavily contaminate the fusion plasma leading to energy 

absorption and plasma instabilities, such as edge localized modes, which can seriously damage 

the reactor. Another concern regards the in-vessel tritium (T) inventory which has an imposed 

limit of 700 g for International Thermonuclear Experimental Reactor (ITER) due to safety 

regulation [2]. The ITER vessel will be composed of beryllium (Be) and tungsten (W) [3], but 

due to safety regulations regarding the handling of T and Be, their use in experimental facilities 

is limited [4,5]. A similar material proposed first by Laurent Marot et al [6],in form of 

beryllium oxide and, possibly Be deuteride, is aluminum (Al), which can be used as a surrogate 

for Be in experimental studies, in many research facilities. Due to its proposal as a proxy for 

Be, Al coated surfaces were employed in a series of studies concerning the in-situ cleaning of 

ITER plasma diagnostic mirrors by means of pulsed lasers [7] and RF plasma cleaning with 

Arions [8].Other studies were focused on analyzing the sputtering yield, ablation properties 

and D retention in Al based coatings and samples. In an experiment performed with a PISCES 

B linear plasma accelerator by Kreteret al [9], Al exhibits similar properties to Be in respect to 

morphological changes and sputtering yield under D plasma exposure,but different fuel 

retention mechanisms. Similar conclusions were drawn by Quiros et al. [10] who exposed Al 

samples in an electron-cyclotron resonance plasma reactor CASIMIR, at relevant D fluency of 

1024 ions/m2. An important domain were Al samples are required instead of Be, due to the high 

toxicity of the last in vapor form, is represented by Laser Induced Breakdown Spectroscopy 

(LIBS) measurements. Besides a limited number of LIBS experiments performed on Be 
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[11,12], most of ITER relevant studies were performed on Al based samples [13,14]. In Ref. 

[15],Suchonova et al. investigated and compared the ablation and fuel retention behaviors of 

W-Al and Be-W co-deposited samples. Their results indicate that the ablation rate and electron 

density are slightly higher for W-Al coating compared to Be-W, but the retention mechanisms 

are different.  

In ITER, it is expected that the largest part of theT inventory to be retained in co-

deposited layers, so it makes sense to obtain and study this type of layers using deuterium (D) 

as surrogate for T. A suitable method that can be used to obtain fusion relevant coatings with 

D gas inclusions is High Power Impulse Magnetron Sputtering (HiPIMS). As presented by 

Vladimir Kouznetsov et al. [16], HiPIMS can deliver to the magnetron cathode power densities 

of the order of tens of MW/m2 per pulse. This can be significantly useful for obtaining coatings 

under similar conditions to those expected in a nuclear fusion reactor, where the power density 

loadings can reach up to 20 MW/m2. Also, the high ionization yield obtained in a HiPIMS 

discharge helps to obtain ultra-dense coatings [17]. Usually, in a fusion reactor, ultra-dense 

coatings are expected to grow from sputtered material on the inner W divertor region. Another 

advantage is that HiPIMS discharge was already successfully implemented to obtain fusion 

relevant coatings containing W and Be [18,19]. 

In this contribution, the obtained results were presented in two distinct sections. The first 

section aims to characterize the W-Al co-sputtered ions in Ar-D2 in a dual-HiPIMS discharge 

by means of mass spectrometry measurements. The ion flux composition is measured for 

different gas mixture compositions and input power delivered to the targets. The second section 

of this contribution is intended for the structural, morphological and chemical composition 

analysis of W-Al layers obtained in Ar-D2 gas mixture. The influence of chemical composition 

on the deuterium retention was also investigated. 

 

2. Materials and methods 

 

Mass spectrometry measurements have been performed in order to characterize the W and 

Al co-sputtered ions in a dual-HiPIMS discharge in Ar-D2 gas mixture. The ion flux 

composition at the substrate position was deduced from the time-averaged ion energy 

distribution functions (IEDFs) of both ionized sputtered metal and sputtering gas ions, which 

were measured using an energy-resolving mass spectrometer (EQP 1000, Hiden Analytical). 

Fig. 1 shows the schematic view of the experimental set-up which was provided with a dual-

HiPIMS system and an ion detection system consisting of an energy-resolving mass 
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spectrometer. The dual-HiPIMS system consists of two identical magnetron cathodes (KurtJ. 

Lesker TORUS 2″), equipped with high purity (99.98%) W and Al targets and two identical 

HiPIMS power supplies. The HiPIMS power supplies were independently controlled by an 

external two channels TTL signal pulse generator, while the pulsed current and voltage 

waveforms were registered with an oscilloscope. The distance between the sputtering targets 

and the mass spectrometer nozzle was approximately 17 cm. W target was positioned in front 

of the mass spectrometer, facing directly the nozzle, while Al target was positioned sideways 

to the W target, at an angle of 45o from the spectrometer head axis (Fig. 1). 

 
 

Fig. 1. Simplified scheme of the dual-HiPIMS system and mass spectrometer. 

 

 Previous experiments, not published yet, performed with a standard HiPIMS set-up, 

separately on W and Al targets, showed that using the same process parameters (gas pressure, 

gas composition, average discharge power, pulse duration, target-to-substrate distance), the 

Al+ ion flux to the substrate is much higher as compared to W+ ion flux. Therefore, in order 

to investigate plasma species, which lead to the growth of W-based layers with D gaseous 

inclusions, the average power on the W target was kept constant and set to 100 W, while the 

average power on the Al target was varied between 5 and 100 W, by independent 

manipulation of the pulsing repetition frequency. The electrical parameters of the HiPIMS 

power supply were: applied voltage of -1 kV, average power on W target of 100 W, pulse 

duration of 3 µs and gas pressure of 1 Pa with different gas mixtures of Ar-D2. 

In order to investigate the influence of the structure and chemical composition of W 

based thin films on D retention, three types of W-based thin films, with different Al 
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concentrations, were deposited on silicon (Si) substrates by dual High-Power Impulse 

Magnetron Sputtering (dual-HiPIMS) of W and Al targets in Ar-D2 gas mixture, by adjusting 

the input power on each target. The geometry of the deposition set-up was similar to that 

presented in Fig. 1, with the mention that the substrates were placed closer to both sputtering 

targets than in the case of mass spectroscopy measurements. On both targets were applied 

high-voltage pulses with an amplitude of -1 kV and duration of 5 µs. The D2 to Ar-D2 mass 

flow ratio was set to 50%, while the total gas pressure was kept constant at 1 Pa. The Si 

substrates were placed at 10 cm from each target surface and, during the deposition process, 

they were electrically grounded and unintentionally heated. For the sake of the simplicity, 

the obtained samples were named S1, S2 and S3, corresponding to the following deposition 

conditions and chemical composition: 

• S1: W-Al (W: 80 at. % - Al: 20 at. %); 

• S2: W-Al (W: 90 at. % - Al: 10 at. %); 

• S3: W-Al with gradient of Al content. 

The chemical composition of the samples S1 and S2 was estimated based on the 

deposition rate measurements (by Quartz Crystal Microbalance) performed individually for 

each sputtered target, prior to the W-Al co-sputtering process. The sample S3, with Al 

gradient content, was obtained by gradually increasing the input power on the Al target and 

decreasing the input power on the W target. 

A FEI Co., model Inspect S, scanning microscope was used to acquired surface images 

for the W-Al layers co-deposited in Ar-D2 gas mixture. This set of images was taken at a 

working pressure of 1.5×10-2 Pa, distance of 14.9 mm, with 20 kV acceleration voltage and 

a magnification of 10000×. The second set of images was required for thickness 

measurements. The samples deposited on Si substrate were fractured into smaller pieces and 

cross-section measurements were performed in multiple regions, along the fracture line, to 

determine an average thickness of the layers. These measurements were performed at a base 

pressure of 1.56×10-2 Pa, distance of 11.9 mm, with 20kV acceleration voltage and 20000× 

magnification. 

The structural analysis of W-Al layers deposited in Ar-D2 was performed by means of 

grazing incidence X-ray diffraction (GIXRD). The measurements were conducted using a 

Bruker D8 Advance diffractometer provided with CuKα target tube (λ = 0.154178 nm), 

scintillation counter and Göbell mirror in a grazing incident configuration (θi = 3°). The 

patterns have been recorded with an angular step of 0.04° (2θ), and a counting time per step 
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of 2 s. In order to avoid systematic errors in the X-ray data, before each GIXRD 

measurement, sample alignment and diffractometer adjustments were conducted.  

Glow discharge optical emission spectroscopy (GDOES) measurements of W-Al layers 

obtained in Ar-D2 gas mixture were performed with a GDA 750 HR instrument from 

Spectruma. The instrument is provided with photomultiplier tubes used to measure up to 29 

fixed analytical elemental channels and capable of delivering high spatial resolution 

(nanometer size), analytical precision and flexibility. Therefore, these characteristics proved 

highly reliable in obtaining depth profiles to accurately determine the chemical composition 

of layers. 

 

3. Results and discussion 

 

3.1.Mass spectrometry characterization of W-Al co-sputtered in Ar-D2 gas mixture 

 

The time-averaged IEDFs of Al+, W+, W++ co-sputtered species and Ar+, Ar++, D+, D-, D2
+ 

and D3
+ sputtering gas species were recorded during single HiPIMS discharge in order to 

investigate the influence of the average power delivered to the target and the influence of the 

gas mixture on the ion flux composition. The sputtering gas composition was changed by 

adjusting the D2 to Ar mass flow ratio to 0/100, 25/75, 50/50 and 75/25. The processing 

parameters are the ones mentioned in Materials and Methods section of this paper. It is worth 

mentioning that, depending on the gas composition, the peak current varies between 18 and 25 

A, in the case of HiPIMS of W target, and between 13 and 25 A, in the case of  HiPIMS of Al 

target. The higher peak current values correspond to the case when the discharge works only 

in Ar gas, while the lower values correspond to the case in which D2 to Ar mass flow ratio was 

75/25..For each ion species, the flux was calculated as the integral of the IEDF. The total ion 

flux composition (expressed as percentage) was deduced by diving each ion specie flux to the 

total ion flux.  

A detailed study of the W ion energy distributions in high-power pulsed magnetron 

sputtering discharges was carried out in our recent work [20]. In this paper, our attention has 

been focused on deuterium ion energy distribution functions. Due to high electron density in 

HiPIMS Ar-D2 plasma, it is expected the dissociation of D2 molecular gas to be enhanced, 

which will lead to multiple reaction products as D, D+, D-, D3, D3
+. The presence of multiple 

deuterium ion species (both positive and negative) has been confirmed by mass spectrometry 

measurements (Fig.2).The results are illustrated in Fig.2and they were obtained when only the 
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W target was sputtered in single HiPIMS mode, at an average power of 100 W. Mass 

spectrometry measurements indicated the lack of compound ion species such as WD+ in 

HiPIMS plasma. 

The origin of deuterium positive ions D+, D2
+ and D3

+ is near the target, in the ionization 

region, where the following reactions take place [21]:  

• D2 + e- → D2
+ + 2e- 

• D2 + e- → D- + D 

• D2
+ + D2 → D3

+ + D 

• D2
+ + D → D3

+ 

• D + e- → D+ + 2e-. 

The time-averaged ion energy distributions ofD2
+ and D3

+ molecules, which are produced 

through the reactions mentioned above, show only a peak at low ion energy of about 1 eV. The 

low energy peak originates from thermal molecular ions which are produced in the plasma 

volume and are accelerated towards the instrument through the plasma sheath formed in front 

of the extraction orifice. The maximum detected energy for these molecular ion species is only 

10 eV. The time-averaged ion energy distribution functions are more different for D+ and D-

ions:they have a maximum around 1 eV and a very high energy tail, which extends up to 500 

eV. Negative ions aremainly produced in the ionization region of the HiPIMS plasma via 

dissociative electron attachment(D2 + e- → D- + D), being thenrepelled by the highly negative 

potential of the target. This statement is supported by previous experimental results, which 

shown that during magnetron sputtering,the negative ions (such as O-) that are generated in 

front of the target surface are accelerated towards the substrate by the full negative target 

potential [22,23].Mrázet al.suggested that the high energy gas ions may be generated at the 

cathode surface through desorption of negative ions or neutral atoms followed by electron 

attachment and subsequent acceleration over the cathode fall [24]. In our case, due to relative 

high gas pressure (1 Pa) and lighter gas ions, the maximum detected energy is lower than 

energy gained by the negative ions in the full negative target potential (up to 1 kV). During 

their transport towards the mass spectrometer, deuterium ions lose a part of kinetic energy due 

to the collisions process. In addition, depending on the place where they are produced, the 

negative D- ion may experience only a fraction of the full target potential.The energy 

distribution function shows low (energies up to 10 eV), medium, and high energy (energies 

higher than 50 eV) D- ion populations. 
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Fig. 2. IEDFs of deuterium ion species during single HiPIMS mode operation with W target in 

Ar-D2 gas mixtures. Average discharge power was 100 W, whileD2/(D2+Ar) mass flow ratio was 

50%. 

 

The origin of the high energy D+ ion populations (Fig. 2) may be as follows: a fraction of 

the D- energetic ions may be neutralized by collisions with plasma species and then ionized in 

their way towards the mass spectrometer leading to the occurrence of D+ energetic ions.  

The ion flux composition during dual-HiPIMS operation with W and Al targets in Ar-D2 

gas mixture is shown in Fig.3(a), (b) and (c). Because D2
+, D3

+, Ar++, Ar+ and W++ ion fluxes 

are very low, we chose to plot only the D-, D+, Al+ and W+ species. For the same value of the 

input power (total average power applied on Al and W targets), as the Ar sputtering gas is 

replaced by D2, the ion flux composition changes due to the increase of deuterium (D+ and D-

) ion flux and the decrease of W ion flux. 
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Fig. 3. Ion flux composition during dual-HiPIMS operation with W and Al targets in Ar-D2 gas 

mixture, at different values of the average power applied on the Al target and different sputtering gas 

compositions (a-c) and the total ion flux (d). The average power on the W target was 100 W. 

 

The influence of the average power on the Al target, as well as the influence of the gas 

mixture on the ion flux composition, is shown in Figure 3(d). The total ion flux 

increaseswiththe increase of the input power and/or the D2/(D2+Ar) mass flow ratio. This 

behavior may be related to the higher electron density and temperature which facilitate the 

occurrence of both electron impact dissociative attachment reactions (generation of D- negative 

ions) and ionization processes (generation of D+, Al+ and W+ ions). Both the average power 

applied on the Al target and the sputtering gas compositions have a strong influence on the 

total ion flux.  

 

3.2.Mass spectrometry investigation on D- ions 

 

This task was developed because the measurements on the ion energy distribution 

function (IEDF), during co-sputtering of W and Al targets in dual-HiPIMS mode, in Ar-D2 gas 

mixture, have shown the presence of a large fraction of D- ions in the total ion flux. Due to 

their abundance, high kinetic energy and associated effects on growing films, a particular 

attention was paid to the influence of processing parameters on D- ions flux. The production of 

D- negative ions occurs through the dissociative attachment reactions from highly vibrationally 

excited molecules D2(v) [21]: 

 D2(v) + e-
slow → D- + D 

where D2(v) are produced through the following reactions: 

• D2(v=0) + e-
fast → D2* + e-

fast 
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• D2* → D2(v) + hν. 

This statement is sustained by the optical emission spectroscopy measurements (not 

shown here) which indicate the presence of Dα and Dβ neutral spectral lines and Fulcher α-band 

(attributed to highly vibrationally excited D2 molecules) in the global emission spectra of 

HiPIMS Ar-D2 plasma.Consequently, the production of D2 occurs through electron impact 

dissociation from highly vibrationally excited molecules D2(v) which, in their turn, are 

generated by fast electron collisions. It is expected that an increase in the input power and/or 

the D2/(D2+Ar) mass flow ratio to lead to a higher electron density and temperature which, in 

turn, facilitates the occurrence of electron impact dissociative attachment reactions and 

generation of more D- negative ions. 

 

 

 

 

Fig. 4.EDFs of D- ions for different discharge conditions: (a) standard HiPIMS mode operated with Al 

target at different input powers, with D2/(D2+Ar) = 50%; (b) standard HiPIMS mode operated with W 

target at different input powers and different Ar-D2 gas mixtures; (c) dual-HiPIMS operation with W 

and Al targets in different Ar-D2 gas mixtures (both targets operate at 100 W). 
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Figs.4(a), (b) and (c) show the time-averaged IEDFs of D- ions for different discharge 

conditions: (a) standard HiPIMS mode operated with Al target at different input powers, with 

D2/(D2+Ar) = 50%; (b) standard HiPIMS mode operated with W target at different input 

powers and different Ar-D2 gas mixtures and (c) dual-HiPIMS operation with W and Al targets 

in different Ar-D2 gas mixtures (both targets operate at 100 W). The energy distribution 

functions of D- ions show a maximum around 1 eV and a very high energy tail which extends 

towards 500 eV. The high-energy tail structure is related to the D- ions which are produced in 

the ionization region of the HiPIMS plasma through the dissociative attachment from highly 

vibrationally excited D2 molecules and then they are repelled by the highly negative potential 

of the target. 

From Fig. 4(a) it can be noticed that an increase of the input power leads to an increase of 

both low and high energy part of the IEDF of D-. The D- ion flux, calculated as the integral of 

the IEDF, increases with the input power on the Al target and tends to saturate for the average 

power higher than 50 W. Fig.4(b) shows that an increase of the input power and/or the 

D2/(D2+Ar) mass flow ratio leads to an increase of both low and high energy part of the IEDF 

of D-. During dual-HiPIMS operation with the input power on each target set to 100 W, an 

increase of the D2/(D2+Ar) mass flow ratio also leads to an increase of the entire IEDF of D- 

(Fig.4(c)). Comparing Figs.4(a) and 4(b), for the same average power applied on both W and 

Al targets (100 W) and for the same ratio D2/(D2+Ar) = 50%, the entire IEDF of D- ions is 

higher when the discharge is operated with W target. When the discharge is operated in dual 

mode, with both targets powered at 100 W (Fig.4(c)), a small change of the IEDF of D-is 

noticed with respect to the case of the discharge operated in standard HiPIMS mode, with W 

target (Fig.4(b)). 

 

 

Fig.5.(a) D- ion flux measured in standard HiPIMS mode with W target, for different Ar-D2 gas 

mixtures, versus the input power; (b) D- ion flux measured in dual-HiPIMS mode with W and Al 

targets, at different input powers on the Al target and for different Ar-D2 gas mixtures. 
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Fig.5(a) shows the D- ion flux versus the average power measured during standard HiPIMS 

mode operation with W target, in different Ar-D2 gas mixtures. Fig.5(b) shows the dependence 

of D- ion flux on average power delivered at Al target, but for the dual-HiPIMS operation, with 

the average power on theW target set to a constant value of 100 W. During standard HiPIMS 

of W target (power on Al is turned off), the D- ion flux linearly increases with the input power 

on the W target and with the increase of D2/(D2+Ar) mass flow ratio. This behavior may be 

related to the enhanced electron density and temperature which facilitate the occurrence of 

electron impact dissociative attachment reactions, leading to an increased population of D- 

negative ions in the HiPIMS discharge. During dual-HiPIMS operation, at high D2/(D2+Ar) 

mass flow ratio (50 and 75%), the D- ion flux tends to slowly decrease as the average power 

on Al target increases due to the change of the plasma composition in front of the target, the 

working gas being replaced by sputtered Al atoms. 

 

3.3.Morphological, structural and chemical composition of W-Al co-deposited thin films in 

Ar-D2 gas mixture 

 

Cross-sectional SEM image of the sample S3 (fracture cross-section) is shown in Fig.6. 

According to this image, the coating appears very dense, showing a homogeneous 

microstructure, without indications of columnar growth, which is a sign of a high film packing. 

The main mechanism responsible for the film densification is the intense and energetic 

bombardment of the growing film with heavy particles, both W and Ar ions. Previous studies 

have shown that during HiPIMS operation with short pulses, the fraction of the ionized W in 

the total flux is up to 50% and the energetic tail of W ions IEDF extends towards 100 eV [20]. 

 

Fig.6. SEM cross-section image of W-Al thin film with Al concentration gradient deposited on 

Si substrate. 
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The GIXRD studies were carried out in order to identify the crystallinity and various 

phases present in the W based thin films. In the XRD pattern displayed in Fig.7, three peaks 

corresponding to the reflection of the X-rays on the atomic planes (200), (210) and (211) of the 

W cubic structure were identified. The XRD pattern revealed that the W-Al (W: 80 at.% - Al: 

20 at.%) thin film is polycrystalline and preferentially oriented along (210) plane, while the W-

Al (W: 90 at.% - Al: 10 at.%) thin film is crystalline, being oriented along (210) plane. The W-

Al thin film with Al content gradient seems to be amorphous. 

 

Fig. 7. GIXRD patterns of W-Al thin films deposited on Si substrates. 

The W-Al thin film with Al content gradient is amorphous. Average crystallite size for the 

W phase is 9.9 nm (estimated from the (210) peak), while for the WxAly layer is 9.4 nm 

(computed using the (110) peak). 

The GDOES profiles (Figs.8 and 9) indicate the presence of a different amount of 

deuterium in the W-Al thin films. 

 

 

Fig. 8. GDOES depth profiles for the W(80%)-Al(20%) (a) and W(90%)-Al(10%) (b) thin films 

deposited on Si substrates. 
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Fig.9. GDOES depth profiles for the W-Al thin film with gradient of Al content. 

 

The largest amount of D was found in the sample S1 (Fig.8(a)), the maximum 

concentration was observed in the vicinity of the substrate (at the early stage of the deposition) 

being 21 at.%, This profile can be the result of the changes occurred on deposition conditions 

such as an increase of substrate temperature during deposition process that might trigger the D 

diffusion, but this hypothesis should be checked. The GDOES profiles of the sample S2 

(Fig.8b) indicate the presence of less aluminum near the Si substrate due to the surface 

contamination of the Al target with residual oxygen (since the average power on the Al target 

was lower with respect to the case of S1 deposition). Depth profiles behavior indicates that the 

D retention in the W-Al layer is mainly related to the W in-depth concentration and less 

dependent on the Al one. GDOES depth profiles for the W-Al thin film with Al content gradient 

(Fig.9) show that increasing the Al concentration in the W-Al film, the amount of D tends to 

decrease. The depth profile of D has almost the same evolution as W in-depth profile. This 

behavior may be related to the fact that the D embedded in the layer comes mainly from the 

discharge developed in front of the W target, most probably as D- ions. 

 

4. Conclusions 

 

Mass spectrometry measurements have been performed during dual High-Power Impulse 

Magnetron Sputtering (dual-HiPIMS) to characterize the W and Al co-sputtered material in 

D2-Ar plasma. The ion flux composition at the substrate position was deduced from the time-

averaged ion energy distribution functions (IEDFs) of both ionized sputtered metal and 

sputtering gas ions. The total ion flux and its composition strongly depend on the target 

material, gas mixture composition and the input power delivered to each target. The total ion 
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flux increases with the increase of the electrical power applied to each target and with the 

increase of the lighter gas (D2) fraction in the sputtering gas mixture. During W and Al co-

sputtering process in Ar-D2 gas mixture, for an average power applied to the Al target lower 

than 60 W, the ion flux at the substrate position is dominated by D- negative ions, while for an 

input power on Al target higher than 60 W, the ion flux at the substrate position is dominated 

by Al+ ions.The energy distribution functions of D- negative ions show a maximum around 1 

eV and a very high energy tail which extends towards 500 eV. During standard HiPIMS 

operation, the D- ion flux linearly increases with the average power on the W target and with 

the increase of D2/(D2+Ar) mass flow ratio. During dual-HiPIMS operation, at high D2/(D2+Ar) 

mass flow ratio (50 and 75%), the D- ion flux tends to decrease as the input power on the Al 

target increases. GDOES profiles indicate the presence of a large amount of deuterium in the 

W-Al layers, with a maximum value in the case of W(80%)-Al(20%) films. Depth profiles 

indicate that the D distribution in the W-Al layers is related to the W in-depth concentration 

and not to the Al one. Experimental results show that the main mechanism responsible for the 

D retention in the W-Al layers is the intense and energetic bombardment of the growing film 

with D- ions. Experimental results indicate that the HiPIMS discharge is a suitable model 

systemto simulate the plasma-wall interaction in fusion devices and also an efficient source for 

negative ion production. 
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