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Abstract 

Bulk rhenium trioxide (ReO3) has an unusually high electrical conductivity and, being nanosized, 

has promising catalytic properties. However, the production of pure ReO3 thin films is challenging 

due to the difficulty to stabilize rhenium in a 6+ oxidation state. Here we present a novel approach 

for the deposition of ReOx (x ≈ 1.6–2.9) thin films using reactive high power impulse magnetron 

sputtering (r-HiPIMS) from a metallic rhenium target in a mixed Ar/O2 atmosphere. The thin films 

were deposited in the gas-sustained self-sputtering regime, observed during r-HiPIMS process 

according to current waveforms. The influence of the substrate temperature, the oxygen-to-argon 

flow ratio and post-annealing at 250 °C in the air for 3 h on the properties of the films were studied. 

The as-deposited films have an X-ray amorphous structure (a-ReOx) when deposited at room 

temperature while a nano-crystalline β-ReO2 phase when deposited at elevated temperatures (150 

or 250 °C). The amorphous a-ReOx can be converted into the crystalline ReO3 with a lattice 

parameter of 3.75 Å upon annealing in the air. The surface morphology of the films is dense 

without detectable voids when elevated substrate temperatures are used. Various Re oxidation 

states are observed on the surface of the films in different ratios depending on the deposition 



parameters. All samples exhibit electrical resistivity on the order of 10-3 Ωcm and optical 

properties typical for thin metallic films. 

 

1.Introduction 

This study is dedicated to the deposition of rhenium oxide thin films by high power impulse 

magnetron sputtering (HiPIMS), and the possibility to change the oxidation state of rhenium ions 

upon thermal annealing in air. The chemistry of rhenium (Re) is characterised by a large number 

of oxidation states [1]. Rhenium oxides can contain cations with the oxidation states 4+, 6+, and 

7+ with the corresponding crystalline phases Re2O7, ReO3, and ReO2, respectively. Re7+ and Re4+ 

are the most stable among them. Re oxides are also promising catalytic materials [2-5]. The most 

famous rhenium oxide is ReO3 which is also called a “covalent metal”. ReO3 is a red solid with an 

electrical conductivity comparable to metals due to the delocalised 5d electrons. It is also a 

negative thermal expansion material [6]. In addition, ReO3 appears to be a suitable precursor to 

achieve nanosheets of ReS2 on carbon fibres [7].   The oxide decomposes into ReO2 and Re2O7 

above 400 °C without melting. ReO3 has perovskite-type structure (ABX3) (space group Pm-3m) 

in which the larger cation (A) site in the centre of the cubic unit cell is empty [8, 9]. The structure 

consists of regular corner-sharing ReO6 octahedra with the Re−O−Re angles equal to 180°. 

Materials with the BX3 (ReO3-type) structure have many attractive properties due to the 

connectivity and openness of the structure, for example, a negative thermal expansion coefficient 

[10], photocatalysis [11], thermoelectricity [12], and superconductivity [13]. There are several 

techniques for the synthesis of ReO3 nanoparticles, which are summarized in Ref. [14]. 

Nanocrystalline ReO3 thin films can be prepared by the annealing of amorphous ReOx films at 

approximately 250 °C in the air under an inert capping material [14]. Similarly, layered WO3/ 



ReO3 and ReO3/WO3 thin films have recently been prepared [15]. ReO2 is a brown to black 

material that has two possible structural phases. A monoclinic α-ReO2 (P21/c) structure is similar 

to MoO2 and WO2 and forms below 300 °C. Orthorhombic β-ReO2 (Pbcn) consisting of the corner 

and edge-sharing ReO6 octahedra forms above 300 °C. In both phases, the distance between Re 

atoms is small, indicating a direct metal-metal interaction with the consequential high electrical 

conductivity.  Re2O7 is yellowish, electrically insulating solid that melts at around 300 °C. The 

crystal structure (P212121) consists of an equal number of almost regular ReO4 tetrahedra and 

strongly distorted ReO6 octahedra. The tetrahedra and the octahedra share corners through oxygen 

bridges and form a sheet-type structure with van der Waals bonds between the sheets. Re2O7 is 

volatile and easily converts into perrhenic acid (HReO4) when it interacts with moisture [16]. 

Nonstoichiometric ReO3 can be obtained by heating the complex of HReO4 and dioxanes [17]. 

The physical properties of thin films are strongly influenced by the ion bombardment during the 

film growth in plasma-based deposition processes [18]. HiPIMS is the technique that provides the 

high ionised density fraction of sputtered species [19]. During the pulse, the plasma density grows 

up to approximately 1020 m-3, which ensures high ionisation. However, the ionised flux fraction 

towards the substrate is almost always lower because the substrate is usually located outside the 

ionisation region and some of the ions in this region are attracted back to the target due to the 

negative potentials [20]. In addition, this effect also reduces the deposition rate (30–85% of direct 

current magnetron sputtering) [21]. There are several strategies to address these issues – 

modification of the magnetic field strength and topology [22], reduction of the sputtering pulse 

[23], use of chopped HiPIMS [24], or introduction of an additional ionisation zone further away 

from the target [25]. Nevertheless, the ionised flux can be controlled by an electric and magnetic 

field to adjust the properties of the growing film.  



HiPIMS has been shown to provide dense and smooth films with good adhesion [21, 26], good 

control of the film’s microstructure [27], improvements in mechanical [28] and other properties at 

low deposition temperatures [29, 30], and uniform coverage on non-flat substrates [31]. As 

HiPIMS is already a well-established coating technology in the field of hard coatings, it can 

become more relevant in the fields of catalytic or optoelectronic film deposition in the future.  

In this study, HiPIMS technology is used to search for technological benefits in the field of 

rhenium oxide synthesis. We study the HiPIMS of a Re target by varying the pulsing frequency 

and the oxygen content in the discharge atmosphere. At every given sputtering condition, the 

current-voltage-time (C-V-t) characteristics, as well as the plasma optical emission spectra (OES), 

were recorded. At certain conditions, the rhenium oxide films were deposited and characterised by 

X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), scanning electron microscopy 

(SEM), UV-Vis-NIR spectroscopy, and conductivity measurements. The composition ReOx highly 

depends on the synthesis conditions, and x ranges from 1.6 to 2.9. The deposition temperatures 

mainly determines the oxidation state of rhenium ions and the corresponding structure. In addition, 

the composition may be affected by the amount of oxygen used during sputtering. The annealing 

in air promotes further oxidation of rhenium oxide thin films. To the best of our knowledge, this 

is the first study of rhenium oxides thin films deposition by HiPIMS. 

 

2. Experimental details 

The experiments were performed using the R&D vacuum coater SAF25/50 (Sidrabe Vacuum, 

Ltd.). A two-inch circular, balanced magnetron (Gencoa, Ltd) was used. The power was supplied 

by a MP2-AS 200 pulse power supply unit (Magpuls GmbH) operating in the unipolar negative 

regime at a constant average power of 100 W. The constant power regime was selected to prevent 



target damage. The negative voltage was supplied to the magnetron cathode against a grounded 

anode. The discharge voltage and current were measured by a Magpuls GmbH measuring system 

and recorded by a RIGOL DS1054 digital oscilloscope. 

The plasma optical emission spectra (OES) from the discharge were collected by an optical fibre 

probe located in the chamber overlooking the discharge parallel 1.5 cm above the target surface. 

The time-average OES were measured by a PLASUS EMICON MC spectrometer (200–1100 nm). 

A metallic Re target (99.99% purity, 50 mm diameter, and 3 mm thickness) was sputtered in 

metallic (Ar) and reactive (Ar+O2) atmospheres. The C-V-t characteristics and OES were studied 

as a function of the pulsing frequency (110 Hz–952 Hz and DC) by changing the time between 50 

µs long pulses and the oxygen gas flow rate (0–10 sccm). In all cases, the pulse voltage was 

constant for the entire pulse length. The arc-detect threshold value was set to 50 A in the HiPIMS 

mode. Before the investigation of the sputtering process and the ReOx film deposition, the chamber 

(≈ 0.1 m3) was pumped down to a base pressure below 9.5 × 10-6 mbar by a turbo-molecular pump 

backed with a rotary pump. The Ar (99.99% purity) flow rate of 20 sccm was kept constant in both 

the metallic and reactive modes. The pumping speed was altered by a throttle valve to set the 

working pressure of approximately 7.3 × 10-3 mbar during the sputtering. 

The film thickness was determined by a CART Veeco Dektak 150 profilometer. The structure of 

the samples was examined by a Rigaku MiniFlex 600 X-ray diffractometer with Cu Kα radiation. 

The morphology of the ReOx films was characterized by a Thermo Scientific Helios 5 UX high-

resolution dual-beam microscope. 

X-ray photoelectron spectroscopy (XPS) analyses were carried out using a ThermoFisher 

ESCALAB Xi+ instrument using a monochromatic Al Kα X-ray source. The instrument binding 

energy scale was calibrated to give binding energy at 932.6 eV for the Cu 2p3/2 line of a freshly 



etched metallic copper. The charge compensation system was used. The surface of each sample 

was irradiated with a flood of electrons to produce a nearly neutral surface charge. The spectra 

were recorded using an X-ray beam size of 900 × 10 μm with a pass energy of 20 eV, and a step 

size of 0.1 eV. Data from all materials were referenced using the main signal of the carbon 1s 

spectrum occurring at 284.8 eV. The carbon 1s spectrum was collected using high-energy-

resolution settings. No cleaning of the surface (etching) was used before measuring the survey and 

high-resolution spectra, as higher-order rhenium–oxygen compounds are easily reduced during 

sputtering. Mixed Gaussian-Lorentzian peak shapes were used to fit the Re 4f XPS high-resolution 

spectra by the XPSPEAK41 software. The spacing between the 4f5/2 and 4f7/2 components for all 

peaks was fixed to correspond to the spin-orbit splitting of 2.5 (+0.2/-0.1) eV. To improve the 

reliability of the peak fitting, the intensity ratio of 4f5/2:4f7/2 peaks was set to 0.787. 

The electrical resistivity was measured in the Van der Pauw configuration using a Hall effect 

system, HMS5000. The film’s transmittance and reflectance in the range of 330–2500 nm were 

determined by an Agilent Cary 7000 spectrophotometer. The sample was placed at an angle of 6° 

against the incident beam, and the detector was placed at 180° behind the sample to measure the 

transmittance and at 12° in front of the sample to measure the specular reflectance. 

 

3. Results and discussion 

3.1. Discharge waveforms 

The HiPIMS process of a Re target was investigated in both metallic and reactive modes before 

the rhenium oxide film deposition. In the beginning, the Re target sputtering in an Ar atmosphere 

was gradually changed from a DC to a low-frequency pulsed regime (110 Hz) by increasing the 



off-time (toff) between pulses (up to 9 ms) to study the influence of the pulsing frequency on the 

magnetron discharge. The average power of 100 W and the pulse duration time of 50 μs were kept 

constant. 

The peak current and the voltage grow when the frequency is reduced to maintain the average 

power (Fig. 1(a)). The sputtering regime reaches the HiPIMS level of 0.5 kW/cm2 (defined in [32]) 

in the toff range between 3 and 6 ms. There is a time lag with respect to the applied voltage of 

approximately 10 μs before the current starts to rise. The delay time is associated with the discharge 

ignition phase where the current is very small and the plasma is negligible. It seems that the delay 

time with toff does not change much. This is understandable because a time lag should decrease 

with voltage; on the other hand, it should increase if fewer charged particles are available at the 

beginning of a pulse, which is the case when the pulse repetition rate is reduced [33]. After the 

time lag, the current increases sharply because the production of electrons is faster compared to 

the recombination and disappearance [34]. The increase in the energetic electrons, which are 

trapped in the magnetic field close to the target surface, strongly enhances the working gas 

ionisation. The plasma impedance decreases as the concentration of the charge carriers grow. The 

initial phase of the current rise is dominated by gas ions [35], and electrons gain energy from 

sheath acceleration and Ohmic heating [36, 37]. Also, working gas rarefaction sets in at this point 

in time. The rarefaction is a localised depletion of the working gas in front of a target due to gas 

heating, which is caused by the discharge itself, the hot target surface, the momentum transfer 

between sputtered atoms (also reflected sputtering gas atoms) and gas, and the electron impact 

ionisation [38, 39]. 
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Fig. 1. C-V-t characteristics as a function of frequency during the Re target sputtering in an Ar 

atmosphere at a constant average power mode (100 W) and pulse length (50 µs). 

 

The current reaches the peak value of 4 A (the peak current density of 0.24 A/cm2) in the middle 

of the pulse (at 25 μs) and remains constant for the remaining pulse time when using a toff of 1 ms. 

When toff is increased above 1 ms, the shape of the current profile changes qualitatively. After the 

peak current in the middle of a pulse, the current starts to decrease. The depletion of working gas 

atoms in the ionisation region gets stronger and faster when the discharge current rises. 

Consequently, the source of ions that carry the discharge current is highly reduced when the current 

reaches the peak, resulting in a rapid decrease in the current after the peak [40]. The temporal 

evolution of the discharge current reaches a stable plateau value of 8 A (0.48 A/cm2) at the end of 

a pulse when using a toff of 3 ms. It is reasonable to assume that a stable plateau current would also 

be observed at a longer toff (6 and 9 ms in Fig. 1) if longer pulses are used. The highest peak current 

of 17 A (1.02 A/cm2) is measured when using a toff of 9 ms. In this case, the peak value is reached 

later into the pulse at 31 µs compared to the shorter toff values.  



The critical current density Jcrit (defined in [41]) is approximately 0.15 A/cm2 in our case. This 

value defines the maximum possible ion current if all incoming gas atoms from the surrounding 

volume are singly ionised and accelerated towards the target, taking into account the thermal refill 

rate of the working gas. A higher current density than Jcrit cannot be obtained without either an 

additional working gas or sputtered target material ion recycling (Igas-recycle and ISS, respectively) 

or a mixture of both processes. This means that already at a toff of 1 ms, a significant fraction of 

the discharge current (ID) carrying ions is recycled. In general, the fractions Igas-recycle/ID and ISS/ID 

are determined by the self-sputter yield YSS [42]. For high-YSS target materials, ISS/ID dominates 

over Igas-recycle/ID. For example, a HiPIMS discharge of an Al target with YSS = 1.1 at 600 V is 

strongly dominated by the self-sputtering recycling where a large amount of sputtered atoms is 

ionised (ionisation energy of neutral Al is around 6 eV) and drawn back to the target, creating a 

high discharge current [36]. Since YSS of Re is close to that of Al, approximately 1.1 at an even 

lower voltage of 480 V (value of the voltage at 1 ms toff in this study) [43], it can be argued that 

the self-sputtering dominates over working gas ion recycling also in the case of Re. Although the 

ionisation energy of neutral Re (7.8 eV) is higher than that of Al, it is still well below the ionisation 

energy of neutral Ar (15.8 eV). Since the Ar ion contribution is small and singly ionised Re cannot 

generate secondary electrons, Ohmic heating is the main source for electron energisation [44]. The 

above-described analysis of the temporal evolution of a discharge current during the Re target 

sputtering confirms the gas-sustained self-sputtering regime where the current is dominated by Re 

ion recycling. At the same time, an ionized Ar gas is required and provides an important 

contribution to the discharge. In addition, the discharge current at the end of the pulse gradually 

increases with the voltage without a sudden large jump (Fig. 1). This also indicates the gas-



sustained self-sputtering since the self-sputter yield is a smooth function of the energy of the 

bombarding ions. 

The evolution of the discharge current during reactive (r-) HiPIMS is shown in Fig. 2. The shape 

of a current waveform changes and the peak value reduces significantly immediately after the 

addition of oxygen gas to the background gas. In general, the peak current tends to increase when 

a compound layer starts to form on the target surface in r-HiPIMS [29, 45]. This is due to a reduced 

sputter yield with a consequential increase in the working-gas recycling to compensate for the 

reduced self-sputtering. As a result, the secondary electron contribution fraction into the electron 

energisation also increases, and the current can reach very high values [46]. However, this is not 

the case in our study. The current waveforms in r-HiPIMS of Re indicate that the discharge is still 

in the self-sputter recycling mode, but with a lower peak current compared to the pure metal mode. 

This indicates a lower ionization efficiency of Ar gas and sputtered Re atoms. This might be 

explained by lower secondary electron emission. The work function of 5.1 eV for a pure Re surface 

substantially increases to approximately 7.1 eV after oxidation [47]. A higher work function leads 

to lower secondary emission according to the empirical formula for the emission determined by 

the potential energy of the arriving ion projectiles [48]. The increase from 10 A to 12 A observed 

in the peak current with the oxygen flow (Fig. 2) indicates an increase in the gas-recycling 

contribution. 
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Fig. 2. C-V-t characteristics as a function of oxygen flow during the Re target sputtering in an Ar 

and O2 atmosphere at a constant average power mode (100 W) and pulse length (50 µs). 

 

3.2. Plasma OES 

The plasma composition was investigated using OES recorded approximately 1.5 cm above the 

Re target surface. The spectra as a function of toff and oxygen gas flow are shown in Fig. 3. The 

plasma emission is dominated by neutral Ar (Ar I) emission lines with relatively less intense lines 

of neutral Re (Re I) at the DC discharge. Low intense ionized Ar (Ar II) lines can also be observed. 

The intensity of the Ar I and Ar II lines rapidly decreases, whereas the intensity of Re I increases 

sharply when the discharge is switched to the pulsed regime with a toff of 1 ms. This is the result 

of the already described Ar gas rarefaction. A further increase in toff reduces the intensity of the Ar 

I, Ar II, and Re I lines (Fig 4(a-c)), whereas the intensity of the Re II lines grows (Fig 4(d)), which 

is in line with the evolvement of self-sputter recycling. However, the intensity of the Re II lines is 

still significantly lower compared to the Re I lines. At the low frequency discharge (110 Hz, toff of 

9 ms), the plasma emission spectrum mainly consists of the Re I emission lines. 



The ionised flux fraction (the ratio of the ion flux to the total particle flux arriving at the substrate 

or detector [20]) in the case of Al and Ti is ≥ 50% for typical HiPIMS conditions – a peak current 

density of approximately 1 A/cm2 and a sputtering pressure in the range from 0.5 to 2.0 Pa [45]. It 

can be predicted that the ionisation fraction in the case of Re could have a similar value because, 

although Re has a higher ionisation energy (7.8 eV) compared to Al (6.0 eV) and Ti (6.8 eV), it 

has a larger collision cross-section of electron impact ionisation [49]. 
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Fig. 3. OES spectra as a function of toff and oxygen flow rate during the Re target sputtering at a 

constant average power mode (100 W) and pulse length (50 µs). 
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Fig. 4. Normalised emission line intensities of neutral Ar (a), single ionised Ar (b), neutral Re (c), 

and single ionised Re (d) as a function of toff and oxygen flow. The highest detected intensity of 

each line was normalised to 1. 

 

3.3. Prepared ReOx samples 

ReOx (x ≈ 1.6–2.9) thin films were deposited on fused quartz substrates by reactive high power 

impulse magnetron sputtering (r-HiPIMS) in a mixed Ar/O2 atmosphere. The substrates were 

ultrasonically cleaned with acetone and 2-isopropanol for 15 min each, rinsed with distilled water, 

and then dried under blown N2 gas. Samples were produced at three different substrate 

temperatures: 36 °C (without intentional heating), 150 °C, and 250 °C; and at two different 



oxygen-to-argon flow ratios: 0.4 and 0.5 (see Table 1). The substrates were located approximately 

13 cm away from the target surface (a substrate facing the target axis) on the grounded substrate 

holder. The angle between the target and the substrate was fixed at ≈ 45. After the depositions, 

the samples were directly transferred (without breaking the vacuum) and stored in an Ar 

atmosphere glove-box connected to the vacuum system to protect the films from possible 

degradation (see Fig. S1 in the supplementary material) under ambient conditions. The average 

thickness of the films is approximately 150 nm. During the annealing of the films at 250 °C in the 

air for 3 h, a clean piece of quartz was placed on the sample surface to avoid the evaporation of 

rhenium oxide. The resistivity of the films is on the order of 10-3 Ωcm and summarised in Table 1. 

No clear correlation was observed between the resistivity and the deposition parameters or post-

treatment. The measurements of the as-deposited and annealed films were performed for two 

separate pieces of the same sample. There may be slight differences between the pieces, which 

may cause inconsistency. 

 

Table 1 

Oxygen-to-argon flow ratio and substrate temperature during the deposition of ReOx samples by 

r-HiPIMS. The table also contains data on sample thickness (nm) and resistivity (Ωcm). 

Sample O2/Ar 

flow 

ratio 

Substrate 

temp. (oC) 

Thickness 

(nm) 

Atomic composition 

Re/O 

Resistivity (10-3 Ωcm) 

As-

deposited 

Annealed As-

deposited 

Annealed 



a 0.40 37 (RT) 142 0.48 0.46 0.9 ± 0.3 1.1 

b 0.50 36 (RT) 183 0.45 0.35 1.5 1.2 

c 0.40 150 133 0.58 0.55 2.2 1.1 

d 0.50 150 152 0.58 0.57 0.8 1.1 

e 0.50 250 148 0.61 0.54 1.9 4.2 

 

3.4. Structural analysis using XRD 

X-ray diffraction patterns of the as-deposited ReOx films on fused quartz substrates (recorded over 

a 2θ-range of 10°–80°) are shown in Fig. 5 depending on the deposition temperature and the 

oxygen-to-argon flow ratio. The broad peak at 2=21.2° is due to the substrate. X-ray patterns of 

the films grown on non-heated substrates (samples a and b) do not show Bragg peaks associated 

with any of the pure rhenium oxides suggesting that the films are X-ray amorphous. A peak at 

around 16.6° with low intensity corresponds to crystalline perrhenic acid monohydrate 

(HReO4·H2O) [16]. Interestingly, this phase was not observed in rhenium oxide films, which were 

deposited at RT by reactive pulsed-DC magnetron sputtering in our earlier study [14]. However, 

it formed after the same annealing procedure was used in this study. Two XRD peaks with 

relatively low intensity at 37.3 and 53.9° appear when the deposition temperature increases up to 

150 °C or 250 °C (samples c, d, and e). These peaks correspond to the orthorhombic β-ReO2 lattice 

planes (200) and (221) according to the powder diffraction card ICDD 00-009-0274. Note that the 

signal from HReO4·H2O disappears at elevated substrate temperatures. The size of the crystallites 

according to the Scherrer equation is about 7 nm. The only difference observed between 150 °C 

or 250 °C deposition temperatures for the same oxygen-to-argon ratio is the intensity ratio between 



the two XRD peaks. The oxygen-to-argon ratio, which ranged from 0.4 to 0.5 in this study, did not 

affect the structure of the as-deposited films according to the XRD measurements. In the 

framework of this study, it was not possible to obtain a crystalline ReO3 film during the deposition 

process. 
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Fig. 5. X-ray diffraction patterns of the as-deposited ReOx films produced by r-HiPIMS at different 

substrate temperatures and oxygen-to-argon flow ratios. The deposition parameters of samples a-

e can be found in Table 1. The angles of the Bragg peaks for the orthorhombic β-ReO2 [50] and 

tetragonal HReO4 [16] phases are shown by vertical black and purple dashed lines, respectively. 

 

The as-deposited films were annealed as described in the experimental details. The X-ray 

diffraction patterns in Fig. 6 reveal the formation of a crystalline ReO3 phase in the X-ray 

amorphous films (samples a and b) after the annealing. Diffraction maximums at 23.8°, 33.9°, 

41.8°, 48.6°, 54.8°, 60.5°, and 76.4° correspond to the (100), (110), (111), (200), (210), (211), and 

(300) planes of the cubic ReO3. Rietveld analysis of the XRD data gives the lattice parameter of 



3.75 Å, which is in excellent agreement with the ICDD card 04-004-8088. The conversion process 

from the amorphous to the crystalline phase takes a longer time (at least 2 h) compared to the 

pulsed-DC deposited films (30 min) in Ref. [14]. This might be since films grown by HiPIMS 

compared to DC magnetron sputtering are, in general, denser, which hinders the crystallisation 

process. In addition, the crystallite size of 50 nm according to the Scherrer equation is also smaller 

compared to the pulsed-DC deposited films (100–500 nm). After the annealing, the crystalline 

ReO3 phase was also observed in the film deposited at 150 °C with an oxygen-to-argon ratio of 

0.4 but not in the film with an oxygen-to-argon ratio of 0.5. Since the resistivity (Table 1) of the 

films containing the crystalline ReO3 phase is about two orders of magnitude higher than 

theoretically and experimentally obtainable (0.9 × 10-6 Ωcm [51, 52]), it seems that the whole 

structure is not converted to crystalline ReO3 and contains structural defects, thus the mobility and 

concentration of the charge carriers are reduced. No changes in the X-ray diffraction pattern of the 

film deposited at 250 °C were observed after the annealing procedure. 
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Fig. 6. X-ray diffraction patterns of the annealed (250 °C in the air for 3 h) ReOx films deposited 

by r-HiPIMS at different substrate temperatures and oxygen-to-argon flow ratios. The deposition 



parameters of samples a-e can be found in Table 1. The angles of the Bragg peaks for the cubic 

ReO3 [8], orthorhombic β-ReO2 [50], and tetragonal HReO4 [16] phases are shown by vertical red, 

black, and purple dash lines, respectively. 

 

3.5. Surface morphology – SEM images 

The surface of the films before and after the annealing was imaged by SEM (Fig. 7 and Fig. 8). 

The as-deposited films at RT (samples a and b) have a defect-rich surface. The film deposited at 

an oxygen-to-argon ratio of 0.4 contains large open cavities with a size of a few hundred 

nanometres (Fig. 7(a)), which are most likely formed after exposure to air. When the ratio is 

increased to 0.5, the morphology of the surface differs, but it is still porous with a large number of 

submicron voids (Fig. 7(b)). The surface gets significantly smoother and is featureless when the 

substrate temperature is increased (Fig. 7(c–e)). The films deposited at 150 °C (samples c and d) 

have a dense surface with nano-sized open cavities. The surface becomes even denser with a fine-

grained structure for the film deposited at 250 °C (sample e). 



   

   

Fig. 7. SEM images of the as-deposited rhenium oxide films deposited by r-HiPIMS at RT and 

O2/Ar = 0.4 (a), RT and O2/Ar = 0.5 (b), 150 °C and O2/Ar = 0.4 (c), 150 °C and O2/Ar = 0.5 (d), 

250 °C and O2/Ar = 0.5 (e). 

 

After the annealing, the films deposited at RT contain crystallites of different sizes (on average ≈ 

50 nm) and orientations (Fig. 8(a–b)). The crystallisation is in line with our XRD measurements 

that show a crystalline ReO3 phase. The surface structure is not closely packed, most likely due to 

the partial sublimation of ReO3 during the annealing [53]. 

Crystallites of sub-micrometre size are observed on the surface of the films deposited at 150 °C 

after the annealing (Fig. 8(c–d)). The crystallites are most likely of the insulating solid perrhenic 

acid monohydrate HReO4·H2O phase and form on the surface over time after exposure to air 



moisture [3, 14]. It has been shown that the rhenium-to-oxygen concentration ratio on the surface 

of rhenium oxide deposited films decreases over time [54]. The X-ray diffraction patterns do not 

show any narrow peaks corresponding to the single crystals, most likely because the SEM 

measurements were performed later than the XRD. After half a year, the X-ray diffraction pattern 

of the annealed sample c shows only the HReO4·H2O phase, and all the peaks due to ReO3 have 

disappeared (Fig. S2 in the supplementary material). It also clearly shows the instability of the 

ReO3 phase under ambient conditions. The surface of the crystalline ReO3 phase revealed by XRD 

(Fig. 6) is, again, not densely packed for the film deposited at 150 °C with an oxygen-to-argon 

ratio of 0.4 (Fig. 8(c)). For an Ar/O2 ratio of 0.5, the surface is densely packed, and the partly 

immersed crystallites on the surface have a tetragonal dipyramidal shape with sharp edges, which 

corresponds to the I41/a space group of HReO4·H2O. The surface of the sample deposited at 250 

°C still has a dense fine-grained structure without significant changes after the annealing.  

   

  



Fig. 8. SEM images of the annealed (250 °C in air for 3 h) rhenium oxide films deposited by r-

HiPIMS at RT and O2/Ar = 0.4 (a), RT and O2/Ar = 0.5 (b), 150 °C and O2/Ar = 0.4 (c), 150 °C 

and O2/Ar = 0.5 (d), 250 °C and O2/Ar = 0.5 (e).  

 

3.6. Surface composition analysis – XPS measurements 

The composition and chemical state of the rhenium oxide film surfaces were studied by X-ray 

photoelectron spectroscopy (XPS). The measurements were performed after brief exposure of the 

samples to air. The survey spectra contain well-defined signals from Re and O elements (Fig. S3 

in the supplementary material). The ratio of the atomic concentration between Re and O as a 

function of the deposition temperature and the oxygen-to-argon flow ratio in both as-deposited and 

annealed films is shown in Fig. 9. The Re/O ratio of the films deposited at RT (samples a and b) 

is about 0.46 before the annealing. Interestingly, the composition of the film deposited at RT and 

O2/Ar = 0.5 changes significantly after the annealing and is close to ReO3. This ratio grows and is 

in the range between 0.58 and 0.61 when the elevated deposition temperatures (150 or 250 °C) are 

used during the deposition (samples c, d, and e). The sub-stoichiometric oxide composition may 

explain the growth of Re2O7 and the consequential HReO4·H2O crystallites on the surface (Fig. 

8(c,d)), as it has been shown that Re2O7 forms on the surface of the Re metal in an oxidizing 

environment [3]. The Re/O ratio decreases for all annealed films due to the elevated oxidation in 

air. In addition, the oxygen content in the films is slightly larger if a higher oxygen-to-argon flow 

ratio is used, which was already expected. 
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Fig. 9. Re to O atomic concentration ratio as a function of the deposition temperature and the 

oxygen-to-argon flow ratio in both as-deposited and annealed films. 

 

The high-resolution XPS spectra of Re 4f transitions for the samples deposited at RT and 250 °C 

(samples b and e) are shown in Fig. 10 and Fig. 11. The influence of the deposition temperature 

on the shape of the spectra is visible. The spectra are complex and difficult to analyse because they 

consist of overlapping signals from several possible Re oxidation states (e.g. 4+, 6+, 7+ [1]) and 

plasmon satellites [55] within a relatively narrow energy range. There is still inconsistency in the 

literature about the exact binding energies for different Re oxidation states which are required to 

correctly identify them. This is most likely due to the different oxidation states of rhenium when 

it forms oxides. Some of the oxides are unstable and can easily transform into one another, which 

may lead to incorrect interpretations. The intense peak around 43.4 eV in Fig. 11(c) was assigned 

to the Re6+ 4f7/2 and served as a reference point for other oxidation state energies because this 

sample clearly showed the ReO3 phase according to the XRD results and the binding energy is 

rather close to the value of 43.1 eV found in the literature [3]. 



The average binding energies for three oxidation states of rhenium are summarised in Table 2. 

Note that in the case of the crystalline ReO3 phase, broad plasmon energy-loss satellites provide 

an additional contribution to the spectra [56]. These features are shifted by 2.1 eV (plasma edge) 

from the Re6+ peaks and coincide with the positions of the Re7+ peaks. 
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Fig. 10. Re 4f high-resolution XPS spectra of the rhenium oxide films deposited by r-HiPIMS at 

RT and 250 °C (O2/Ar = 0.5 in both cases). 

 

The Re 4f spectrum (Fig. 11(a)) of the as-deposited film at RT (sample b) shows that the surface 

mainly contains Re7+ and Re6+ species (68% Re7+, 29% Re6+, 3% Re4+). The Re4+ peaks disappear 

completely, and both Re7+and Re6+ peaks become narrower after the annealing, which correlates 

with the formation of crystalline ReO3 (Fig. 11(c)). A significant contribution of the plasmon 

energy-loss satellites is expected here. Rhenium oxides, on the other hand, tend to form a layer of 

Re2O7 when exposed to air [3]. This layer then adsorbs water and forms hydroxides. As a result, 

the peaks towards the high-binding-energy end of the spectra (marked as 7+ here) are extremely 

broad and hard to resolve into individual components. 



The surface of the sample deposited at 250 °C shows almost identical Re 4f spectra before and 

after the annealing (Fig. 11(b,d)). The spectra contain well-resolved Re4+ peaks, which correlate 

with the formation of the nano-crystalline ReO2 phase according to XRD. Again, after the exposure 

to air, the presence of Re6+ and Re7+ on the surface of the ReO2 powder has already been 

demonstrated [3]. In our case, the surface contains 42% Re7+, 33% Re6+, and 25% Re4+ before the 

annealing and 36% Re7+, 33% Re6+, and 31% Re4+ after. 

The high-resolution XPS spectrum of O 1s for the annealed sample a is shown in Fig. S4 in the 

supplementary material. One can see that it contains several components at 529.8 eV, 531.1 eV, 

and 532.8 eV. The smallest energy component corresponds to metal oxide while the other one is 

due to organic C-O, C=O contaminants on the surface of the sample. 
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Fig. 11. High-resolution XPS spectra and peak fitting of Re 4f transitions in the as-deposited 

rhenium oxide films deposited by r-HiPIMS at RT and O2/Ar = 0.5 (a), 250 °C and O2/Ar = 0.5 

(b), and the annealed films deposited at RT and O2/Ar = 0.5 (c), 250 °C and O2/Ar = 0.5 (d). The 

Re oxidation states are indicated in the legends: 4+ violet, 6+ red, and 7+ green (7+ * contains the 

contribution of plasmon energy-loss features). The grey dots represent the raw data, and the blue 

solid line represents the sum of all peak fits. 

 

Table 2 

Binding energies of Re 4f7/2 for different oxidation states. 

Oxidation 

state 

Compound Binding 

energy (eV) 

from this 

study 

Binding energy (eV) from literature 

 [3] [54] [57] 

4+ ReO2 42.8 42.2 42.9 42.5 

6+ ReO3 43.4 43.1 44.9 44.9 



7+ Re2O7 45.4 45.5 46.9 46.7 

 

3.7. UV-Vis-NIR transmittance and reflectance 

Figure 12 shows the transmittance and specular reflectance of the rhenium oxide films deposited 

on fused quartz measured in the range from 330 to 2500 nm. All the films absorb highly (65–95%) 

in the visible light range (Fig. S5 in the supplementary material). The as-deposited films exhibit a 

metallic dark grey colour. After annealing of the films deposited at RT (samples a and b) and the 

film deposited at 150 °C, O2/Ar = 0.4 (sample c), the colour changes from grey to red in the 

reflected light, indicating the formation of a crystalline ReO3 phase. The spectra of these samples 

show a transmittance window from 400 to 650 nm, where the transmittance increases to 

approximately 27.5% for samples b and c (Fig. 12(c)). Within this range, the reflectance reaches a 

minimum value of approximately 1% at the plasma edge of 530 nm (2.3 eV), which is responsible 

for the red colour (Fig. 12(d)). The absorption below 400 nm is associated with interband 

transitions, and the absorption above 650 nm is due to the free electrons. 
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Fig. 12. Transmittance (a,c) and specular reflectance (b,d) of the as-deposited and annealed 

rhenium oxide films, respectively, on fused quartz substrates in the range of 330–2500 nm. The 

deposition parameters of samples a-e can be found in Table 1. 

 

Analyzing XRD (Fig. 5 and Fig. 6) and XPS data (Fig. 10 and Fig. 11), we can conclude, that ReOx 

film deposited at 250°C consist mainly of the nanocrystalline ReO2 phase. That is why neither 

XRD nor XPS does not show any changes in the crystal phase or rhenium oxidation state after 

annealing. It is known, that ReO3 sublimates at a temperature above 400 °C (however, we observed 

ReO3 sublimation already at 200 °C), and upon heating in a vacuum disproportionate to Re2O7 and 

ReO2 [58].  The sublimation temperature of Re2O7 is 360 °C, while the melting point of ReO2 is 

above 1000 °C [58]. Optical measurements (Fig. 12) confirm this conclusion: rhenium oxide film 

as-prepared at 250 °C shows no transparency window around 500 nm (Fig. 12(a) - e), and no 

transparency window is present also after annealing (Fig. 12(c) - e). A transparency window 

around 500 nm is associated with the ReO3 phase [14]. The situation is the opposite with RT 

deposited rhenium oxide thin films. Films as-deposited at RT are X-ray amorphous (showing 

Re2O7 crystals only), while after annealing at 250 °C clear ReO3 phase appears (Fig. 5(a,b) and 



Fig. 6(a,b)). XPS measurements of both as-deposited and annealed RT thin films show the 

presence of Re 6+ and Re 7+ (associated with ReO3 and Re2O7, respectively). Optical measurements 

agree well with XRD and XPS data. As-prepared RT thin films have a clearly visible transparency 

window around 500 nm (Fig.12(a) - a, b), which becomes much more pronounced after annealing 

(Fig. 12(c) a,b). Thus, by properly combining deposition temperature and post-annealing, it is 

possible to get either ReO3 or ReO2 thin-film coatings.  

 

4. Conclusions 

This study reports on the novel approach for the deposition of ReOx (x ≈ 1.6–2.9) thin films using 

reactive high power impulse magnetron sputtering (r-HiPIMS) from a metallic rhenium target in a 

mixed Ar/O2 atmosphere. The influence of the following annealing in air on the properties of 

rhenium oxide films is also shown. The deposited thin films were characterized by X-ray 

diffraction, scanning electron microscopy, X-ray photoelectron spectroscopy, electrical resistivity, 

and optical measurements. 

The Re HiPMS discharge current waveforms in a pure Ar atmosphere confirm the gas-sustained 

self-sputtering regime when operating above the critical current density of 0.15 A/cm2. The peak 

current decreases significantly when oxygen gas is introduced into the chamber.  

The as-deposited at room temperature ReOx (x ≈ 2.2) films are X-ray amorphous, and their surface 

contains a large number of open cavities and voids. When these films are annealed under a capping 

quartz slide at 250 °C in air, the structural transformation into the nano-crystalline phase of ReO3 

occurs. The chemical composition of the annealed film deposited at RT and O2/Ar = 0.5 is ReO2.9. 

When elevated substrate temperatures of 150 or 250 °C are used during the deposition, a relatively 



dense structure of the nano-crystalline β-ReO2 phase grows on the substrate. The produced films 

have low electrical resistivity and optical properties typical for thin metallic films.  



Acknowledgments 

Financial support was provided by ERDF Project no. 1.1.1.1/ 18/A/073. Institute of Solid State 

Physics, University of Latvia as the Center of Excellence has received funding from the European 

Union’s Horizon 2020 Framework Programme H2020-WIDESPREAD-01-2016- 2017-

TeamingPhase2 under grant agreement No. 739508, project CAMART2. 

 

References 

[1] G. Rouschias, Recent advances in the chemistry of rhenium, Chemical Reviews 74 (1974) 531-

566. https://doi.org/10.1021/cr60291a002. 

[2] Y. Y. Chong, W. Y. Fan, Facile synthesis of single crystalline rhenium (VI) trioxide nanocubes 

with high catalytic efficiency for photodegradation of methyl orange, Journal of colloid and 

interface science 397 (2013) 18-23. https://doi.org/10.1016/j.jcis.2013.01.030. 

[3] M. T. Greiner, T. C. Rocha, B. Johnson, A. Klyushin, A. Knop-Gericke, R. Schlögl, The 

oxidation of rhenium and identification of rhenium oxides during catalytic partial oxidation of 

ethylene: an in-situ XPS study, Zeitschrift für Physikalische Chemie 228 (2014) 521-541. 

https://doi.org/10.1515/zpch-2014-0002. 

[4] B. J. Hofmann, R. G. Harms, S. P. Schwaminger, R. M. Reich, F. E. Kühn, Reactivity of Re2O7 

in aromatic solvents–Cleavage of a β-O-4 lignin model substrate by Lewis-acidic rhenium oxide 

nanoparticles, Journal of catalysis, 373 (2019) 190-200. 

https://doi.org/10.1016/j.jcat.2019.03.042. 

[5] Y. K. Jeong, Y. M. Lee, J. Yun, T. Mazur, M. Kim, Y. J. Kim, M. Dygas, S. H. Choi, K. S. 

Kim, O. H. Kwon, S. M. Yoon, Tunable photoluminescence across the visible spectrum and 

https://doi.org/10.1021/cr60291a002
https://doi.org/10.1016/j.jcis.2013.01.030
https://doi.org/10.1515/zpch-2014-0002
https://doi.org/10.1016/j.jcat.2019.03.042


photocatalytic activity of mixed-valence rhenium oxide nanoparticles, Journal of the American 

Chemical Society 139 (2017) 15088-15093. https://doi.org/10.1021/jacs.7b07494. 

[6] Lee, S. H., Kim, N., Jeong, J. H., Kim, B. H., Yu, H. K., & Kim, M. H. (2022). Direct 

transformation of ReO 3 nanorods into ReS 2 nanosheets on carbon fibres for modulating solid–

gas interactions. CrystEngComm, 24(11), 2036-2041. https://doi.org/10.1039/D2CE00079B. 

[7] Bird, T. A., Wilkinson, M. G., Keen, D. A., Smith, R. I., Bristowe, N. C., Dove, M. T., Phillips, 

A. E., & Senn, M. S. (2021). Soft-mode anisotropy in the negative thermal expansion material 

ReO 3. Physical Review B, 104(21), 214102. https://doi.org/10.1103/PhysRevB.104.214102. 

[8] J. E. Jo, J. D. Jorgensen, B. Batlogg, J. P. Remeika, J. D. Axe, Order parameter and critical 

exponent for the pressure-induced phase transitions in ReO3, Physical Review B 33 (1986) 4793. 

https://doi.org/10.1103/PhysRevB.33.4793. 

[9] Hallweger, S. A., Kaußler, C., & Kieslich, G. (2022). The structural complexity of perovskites. 

Physical Chemistry Chemical Physics, 24(16), 9196-9202. https://doi.org/10.1039/D2CP01123A. 

[10] B. K. Greve, K. L. Martin, P. L. Lee, P. J. Chupas, K. W. Chapman, A. P. Wilkinson, 

Pronounced negative thermal expansion from a simple structure: cubic ScF3, Journal of the 

American Chemical Society 132 (2010) 15496-15498. https://doi.org/10.1021/ja106711v. 

[11] D. Chen, M. Qiao, Y. R. Lu, L. Hao, D. Liu, C. L. Dong, Y. Li, & S. Wang, Preferential cation 

vacancies in perovskite hydroxide for the oxygen evolution reaction, Angewandte Chemie 

International Edition 57 (2018) 8691-8696. https://doi.org/10.1002/anie.201805520. 

[12] B. C. Sales, D. W. R. K. Mandrus, R. K. Williams, Filled skutterudite antimonides: A new 

class of thermoelectric materials, Science 272 (1996) 1325-1328. 

https://doi.org/10.1126/science.272.5266.1325. 

https://doi.org/10.1021/jacs.7b07494
https://doi.org/10.1039/D2CE00079B
https://doi.org/10.1103/PhysRevB.33.4793
https://doi.org/10.1039/D2CP01123A
https://doi.org/10.1021/ja106711v
https://doi.org/10.1002/anie.201805520
https://doi.org/10.1126/science.272.5266.1325


[13] M. Einaga, M. Sakata, T. Ishikawa, K. Shimizu, M. I. Eremets, A. P. Drozdov, I. A. Troyan, 

N. Hirao, Y Ohishi, Crystal structure of the superconducting phase of sulfur hydride, Nature 

Physics 12 (2016) 835-838. https://doi.org/10.1038/nphys3760. 

[14] B. Polyakov, E. Butanovs, A. Ogurcovs, S. Vlassov, M. Zubkins, I. Jonane, A. Cintins, A. 

Kalinko, A. Kuzmin, J. Purans, Understanding the conversion process of magnetron-deposited thin 

films of amorphous ReOx to crystalline ReO3 upon thermal annealing, Crystal Growth & Design 

20 (2020) 6147-6156. https://doi.org/10.1021/acs.cgd.0c00848. 

[15] Polyakov, B., Butanovs, E., Ogurcovs, A., Sarakovskis, A., Zubkins, M., Bikse, L., 

Gabrusenoks, J., Vlassov, S., Kuzmin, A., & Purans, J. (2022). Unraveling the Structure and 

Properties of Layered and Mixed ReO3–WO3 Thin Films Deposited by Reactive DC Magnetron 

Sputtering. ACS omega. https://doi.org/10.1021/acsomega.1c05085. 

[16] G. Wltschek, I. Svoboda, and H. Fuess, The crystal structure of solid perrhenic acid 

monohydrate, Zeitschrift für anorganische und allgemeine Chemie 619 (1993) 1679-1681. 

https://doi.org/10.1002/zaac.19936191007. 

[17] K. Biswas, C. N. R. Rao, Metallic ReO3 Nanoparticles, The Journal of Physical Chemistry B 

110 (2006) 842-845. https://doi.org/10.1021/jp055670b. 

[18] U. Helmersson, M. Lattemann, J. Bohlmark, A. P. Ehiasarian, J. T. Gudmundsson, Ionized 

physical vapor deposition (IPVD): A review of technology and applications, Thin Solid Films 513 

(2006) 1-24. https://doi.org/10.1016/j.tsf.2006.03.033. 

[19] K. Sarakinos, J. Alami, S. Konstantinidis, High power pulsed magnetron sputtering: A review 

on scientific and engineering state of the art, Surface and Coatings Technology 204 (2010) 1661-

1684. https://doi.org/10.1016/j.surfcoat.2009.11.013. 

https://doi.org/10.1038/nphys3760
https://doi.org/10.1021/acs.cgd.0c00848
https://doi.org/10.1021/acsomega.1c05085
https://doi.org/10.1002/zaac.19936191007
https://doi.org/10.1021/jp055670b
https://doi.org/10.1016/j.tsf.2006.03.033
https://doi.org/10.1016/j.surfcoat.2009.11.013


[20] A. Butler, N. Brenning, M. A. Raadu, J. T. Gudmundsson, T. Minea, D. Lundin, On three 

different ways to quantify the degree of ionization in sputtering magnetrons, Plasma Sources 

Science and Technology 27 (2018) 105005. https://doi.org/10.1088/1361-6595/aae05b. 

[21] M. Samuelsson, D. Lundin, J. Jensen, M. A. Raadu, J. T. Gudmundsson, U. Helmersson, On 

the film density using high power impulse magnetron sputtering, Surface and Coatings Technology 

205 (2010) 591-596. https://doi.org/10.1016/j.surfcoat.2010.07.041. 

[22] A. Mishra, P. J. Kelly, J. W. Bradley, The evolution of the plasma potential in a HiPIMS 

discharge and its relationship to deposition rate, Plasma Sources Science and Technology 19 

(2010) 045014. https://doi.org/10.1088/0963-0252/19/4/045014. 

[23] S. Konstantinidis, J. P. Dauchot, M. Ganciu, A. Ricard, M. Hecq, Influence of pulse duration 

on the plasma characteristics in high-power pulsed magnetron discharges, Journal of Applied 

Physics 99 (2006) 013307. https://doi.org/10.1063/1.2159555. 

[24] O. Antonin, V. Tiron, C. Costin, G. Popa, T. M. Minea, On the HiPIMS benefits of multi-

pulse operating mode, Journal of Physics D: Applied Physics 48 (2014) 015202. 

https://doi.org/10.1088/0022-3727/48/1/015202. 

[25] J. Hopwood, Ionized physical vapor deposition of integrated circuit interconnects, Physics of 

Plasmas 5 (1998) 1624-1631. https://doi.org/10.1063/1.872829. 

[26] A. P. Ehiasarian, J. G. Wen, I. Petrov, Interface microstructure engineering by high power 

impulse magnetron sputtering for the enhancement of adhesion, Journal of Applied Physics 101 

(2007) 054301. https://doi.org/10.1063/1.2697052. 

https://doi.org/10.1088/1361-6595/aae05b
https://doi.org/10.1016/j.surfcoat.2010.07.041
https://doi.org/10.1088/0963-0252/19/4/045014
https://doi.org/10.1063/1.2159555
https://doi.org/10.1088/0022-3727/48/1/015202
https://doi.org/10.1063/1.872829
https://doi.org/10.1063/1.2697052


[27] S. Konstantinidis, J. P. Dauchot, M. Hecq, Titanium oxide thin films deposited by high-power 

impulse magnetron sputtering, Thin Solid Films 515 (2006) 1182-1186. 

https://doi.org/10.1016/j.tsf.2006.07.089. 

[28] G. Greczynski, J. Lu, J. Jensen, I. Petrov, J. E. Greene, S. Bolz, W. Kölker, C. Schiffers, O. 

Lemmer, L. Hultman, Strain-free, single-phase metastable Ti0. 38Al0. 62N alloys with high 

hardness: Metal-ion energy vs. momentum effects during film growth by hybrid high-power 

pulsed/dc magnetron cosputtering, Thin Solid Films 556 (2014) 87-98. 

https://doi.org/10.1016/j.tsf.2014.01.017. 

[29] M. Zubkins, H. Arslan, L. Bikse, J. Purans, High power impulse magnetron sputtering of 

Zn/Al target in an Ar and Ar/O2 atmosphere: The study of sputtering process and AZO films, 

Surface and coatings technology, 369 (2019) 156-164. 

https://doi.org/10.1016/j.surfcoat.2019.04.044. 

[30] E. Wallin, T. I. Selinder, M. Elfwing, U. Helmersson, Synthesis of α-Al2 O3 thin films using 

reactive high-power impulse magnetron sputtering, EPL (Europhysics Letters) 8 (2008) 36002. 

https://doi.org/10.1209/0295-5075/82/36002. 

[31] J. Alami, P. Å. Persson, D. Music, J. T. Gudmundsson, J. Bohlmark, U. Helmersson, Ion-

assisted physical vapor deposition for enhanced film properties on nonflat surfaces, Journal of 

Vacuum Science & Technology A: Vacuum, Surfaces, and Films 23 (2005) 278-280. 

https://doi.org/10.1116/1.1861049. 

[32] J.T. Gudmundsson, N. Brenning, D. Lundin, U. Helmersson, High power impulse magnetron 

sputtering discharge, J. Vac. Sci. Technol. A 30 (2012) 030801. 

https://doi.org/10.1116/1.3691832. 

https://doi.org/10.1016/j.tsf.2006.07.089
https://doi.org/10.1016/j.tsf.2014.01.017
https://doi.org/10.1016/j.surfcoat.2019.04.044
https://doi.org/10.1209/0295-5075/82/36002
https://doi.org/10.1116/1.1861049
https://doi.org/10.1116/1.3691832


[33] G. Y. Yushkov, A. Anders, Origin of the delayed current onset in high-power impulse 

magnetron sputtering, IEEE Transactions on Plasma Science 38 (2010) 3028-3034. 

https://doi.org/10.1109/TPS.2010.2063041. 

[34] Z. Wu, S. Xiao, Z. Ma, S. Cui, S. Ji, X. Tian, R. Fu, P. Chu, F. Pan, Discharge current modes 

of high power impulse magnetron sputtering, AIP Advances 5 (2015) 097178. 

https://doi.org/10.1063/1.4932135. 

[35] A. Anders, J. Andersson, A. Ehiasarian, High power impulse magnetron sputtering: Current-

voltage-time characteristics indicate the onset of sustained self-sputtering, Journal of Applied 

Physics 102 (2007) 113303. https://doi.org/10.1063/1.2817812. 

[36] C. Huo, D. Lundin, J. T. Gudmundsson, M. A. Raadu, J. W. Bradley, N. Brenning, Particle-

balance models for pulsed sputtering magnetrons, Journal of Physics D: Applied Physics 50 (2017) 

354003. https://doi.org/10.1088/1361-6463/aa7d35. 

[37] N. Brenning, J. T. Gudmundsson, D. Lundin, T. Minea, M. A. Raadu, U. Helmersson, The 

role of Ohmic heating in dc magnetron sputtering, Plasma Sources Science and Technology 25 

(2016) 065024. https://doi.org/10.1088/0963-0252/25/6/065024. 

[38] S. M. Rossnagel, Gas density reduction effects in magnetrons, Journal of Vacuum Science & 

Technology A: Vacuum, Surfaces, and Films 6 (1988) 19-24. https://doi.org/10.1116/1.574988. 

[39] C. Huo, M. A. Raadu, D. Lundin, J. T. Gudmundsson, A. Anders, N. Brenning, Gas 

rarefaction and the time evolution of long high-power impulse magnetron sputtering pulses, 

Plasma Sources Science and Technology 21 (2012) 045004. https://doi.org/10.1088/0963-

0252/21/4/045004. 

https://doi.org/10.1109/TPS.2010.2063041
https://doi.org/10.1063/1.4932135
https://doi.org/10.1063/1.2817812
https://doi.org/10.1088/1361-6463/aa7d35
https://doi.org/10.1088/0963-0252/25/6/065024
https://doi.org/10.1116/1.574988
https://doi.org/10.1088/0963-0252/21/4/045004
https://doi.org/10.1088/0963-0252/21/4/045004


[40] C. Vitelaru, D. Lundin, G. D. Stancu, N. Brenning, J. Bretagne, T. Minea, Argon metastables 

in HiPIMS: time-resolved tunable diode-laser diagnostics, Plasma Sources Science and 

Technology 21 (2012) 025010. https://doi.org/10.1088/0963-0252/21/2/025010. 

[41] C. Huo, D. Lundin, M. A. Raadu, A. Anders, J. T. Gudmundsson, N. Brenning, On the road 

to self-sputtering in high power impulse magnetron sputtering: particle balance and discharge 

characteristics, Plasma Sources Science and Technology 23 (2014) 025017. 

https://doi.org/10.1088/0963-0252/23/2/025017. 

[42] N. Brenning, J. T. Gudmundsson, M. A. Raadu, T. J. Petty, T. Minea, D. Lundin, A unified 

treatment of self-sputtering, process gas recycling, and runaway for high power impulse sputtering 

magnetrons, Plasma Sources Sci. Technol. 26 (2017) 125003. https://doi.org/10.1088/1361-

6595/aa959b. 

[43] Surface Physics Group at TU Wien, A simple sputter yield calculator, 

http://www.iap.tuwien.ac.at/www/surface/sputteryield, (2009), Accessed date: 15 April 

2021. 

[44] C. Huo, D. Lundin, M. A. Raadu, A. Anders, J. T. Gudmundsson, N. Brenning, On sheath 

energization and Ohmic heating in sputtering magnetrons, Plasma Sources Science and 

Technology 22 (2013) 045005. https://doi.org/10.1088/0963-0252/22/4/045005. 

[45] D. Lundin, T. Minea, J. T. Gudmundsson, High Power Impulse Magnetron Sputtering: 

Fundamentals, Technologies, Challenges and Applications. Elsevier, 2019. 

[46] M. Hála, O. Zabeida, J. E. Klemberg-Sapieha, L. Martinu, Dynamics of HiPIMS discharge 

operated in oxygen, IEEE Transactions on plasma science 39 (2011) 2582-2583. 

10.1109/TPS.2011.2150248. 

https://doi.org/10.1088/0963-0252/21/2/025010
https://doi.org/10.1088/0963-0252/23/2/025017
https://doi.org/10.1088/1361-6595/aa959b
https://doi.org/10.1088/1361-6595/aa959b
https://doi.org/10.1088/0963-0252/22/4/045005
https://doi.org/10.1109/TPS.2011.2150248


[47] Baikie, I. D., Petermann, U., Speakman, A., Lägel, B., Dirscherl, K. M., & Estrup, P. J. (2000). 

Work function study of rhenium oxidation using an ultra high vacuum scanning Kelvin probe. 

Journal of Applied Physics, 88(7), 4371-4375. https://doi.org/10.1063/1.1289486. 

[48] Anders, A. (2008). Self-sputtering runaway in high power impulse magnetron sputtering: The 

role of secondary electrons and multiply charged metal ions. Applied Physics Letters, 92(20), 

201501. https://doi.org/10.1063/1.2936307. 

[49] J. B. Mann, Ionization cross sections of the elements calculated from mean‐square radii of 

atomic orbitals, The Journal of Chemical Physics 46 (1967) 1646-1651. 

https://doi.org/10.1063/1.1840917. 

[50] A. Magneli, Studies on rhenium oxides, Acta Chem. Scand. 11 (1957) 8-3. 

https://doi.org/10.3891/acta.chem.scand.11-0028. 

[51] T. P. Pearsall, C. A. Lee, Electronic transport in ReO3: dc conductivity and Hall effect, 

Physical Review B 10 (1974) 2190. https://doi.org/10.1103/PhysRevB.10.2190. 

[52] A. Ferretti, D. B. Rogers, J. B. Goodenough, The relation of the electrical conductivity in 

single crystals of rhenium trioxide to the conductivities of Sr2MgReO6 and NaxWO3, Journal of 

Physics and Chemistry of Solids 26 (1965) 2007-2011. https://doi.org/10.1016/0022-

3697(65)90237-4. 

[53] E. Cazzanelli, M. Castriota, S. Marino, N. Scaramuzza, J. Purans, A. Kuzmin, R. Kalendarev, 

G. Mariotto, G. Das, Characterization of rhenium oxide films and their application to liquid crystal 

cells, Journal of Applied Physics 105 (2009) 114904. https://doi.org/10.1063/1.3138812. 

https://doi.org/10.1063/1.1289486
https://doi.org/10.1063/1.2936307
https://doi.org/10.1063/1.1840917
https://doi.org/10.3891/acta.chem.scand.11-0028
https://doi.org/10.1103/PhysRevB.10.2190
https://doi.org/10.1016/0022-3697(65)90237-4
https://doi.org/10.1016/0022-3697(65)90237-4
https://doi.org/10.1063/1.3138812


[54] N. R. Murphy, R. C. Gallagher, L. Sun, J. G. Jones, J. T. Grant, Optical and chemical 

properties of mixed-valent rhenium oxide films synthesized by reactive DC magnetron sputtering, 

Optical Materials 45 (2015) 191-196. https://doi.org/10.1016/j.optmat.2015.03.035. 

[55] M. Campagna, G. K. Wertheim, H. R. Shanks, F. Zumsteg, E. Banks, Local Character of 

Many-Body Effects in X-Ray Photoemission from Transition-Metal Compounds: NaxWO3, 

Physical Review Letters 34 (1975) 738. https://doi.org/10.1103/PhysRevLett.34.738. 

[56] R. E. Dietz, M. Campagna, J. N. Chazalviel, H. R. Shanks, Inelastic electron scattering by 

intra-and interband plasmons in rhenium trioxide, tungsten trioxide, and some tungsten bronzes, 

Physical Review B 17 (1978) 3790. https://doi.org/10.1103/PhysRevB.17.3790. 

[57] W. T. Tysoe, F. Zaera, G. A. Somorjai, An XPS study of the oxidation and reduction of the 

rhenium-platinum system under atmospheric conditions, Surface Science 200 (1988) 1-14. 

https://doi.org/10.1016/0039-6028(88)90428-1. 

[58] Brauer, G. (Ed.). (2012). Handbook of Preparative Inorganic Chemistry V2 (Vol. 2). Elsevier. 

 

https://doi.org/10.1016/j.optmat.2015.03.035
https://doi.org/10.1103/PhysRevB.17.3790
https://doi.org/10.1016/0039-6028(88)90428-1

