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Oxides of metals such as Ti, V, Cr and others are known for 
their thermochromic character due to a metal-to-insulator 
transition at a specific temperature. Among them, vanadium 

dioxide (VO2) appears to be most attractive [1]. However, general 
acceptance of the latter material in applications such as smart 
thermochromic windows has been hampered by several drawbacks 
including relatively high deposition temperature needed to obtain 
good quality VO2 coatings. In the present work, we describe the use 
of High Power Impulse Magnetron Sputtering (HiPIMS) in a reactive 
mode as a very interesting approach to obtain stoichiometric VO2
films at a lower substrate temperature compared to standard DC or RF 
sputtering. Specifically, we investigate the dynamics of the reactive gas 
species in the oxygen-rich plasma environment during the individual 
discharge pulses using a combination of in situ time- and space-resolved 
diagnostic techniques such as optical emission spectroscopy (OES), 
plasma imaging, and mass spectrometry.

1. Introduction
Vanadium dioxide is one of the most studied thermochromic materials 
in which the color changes as a function of temperature due to the 
metal-to-insulator transition [1]. Most frequently, this oxide is present 
in one of the three forms, namely VO, VO2 and V2O5. Specifically, 
thermochromic bulk VO2 exhibits a transition at a temperature of 
680C accompanied by a four orders of magnitude change in electrical 
resistivity [2], by a 60% change in optical transmission in the near 
infrared (2,500 nm) [3,4], and an increase of emissivity by 0.45 [5]. 
Those characteristics make VO2 suitable for various applications such 
as bolometer (microfabricated temperature sensor), variable emissivity 
radiator for outer space, and variable IR-transmittance reflector for 
smart windows in architecture and in the automobile industry.

Deposition techniques most frequently applied for the fabrication 
of vanadium oxide films include physical vapour deposition (PVD) 
using pulsed laser deposition (PLD) [6] or reactive radio-frequency 
magnetron sputtering (RFMS) [7], and by the sol gel process from 
hydroxylated vanadium dioxide-doped polymers [8]. Specific 
shortcomings of VO2 films have been addressed by considering 
appropriate solutions:  (i) lowering the transition temperature well 
below 68ºC can be achieved by doping VO2 with elements such as 
niobium, molybdenum, tantalum or tungsten [9], or by fluorination of 
the tungsten-doped VO2 [10]; (ii) the unattractive greenish appearance 
can be suppressed by doping with gold .

The above approaches generally improve certain aspects of the 
VO2 film performance but they do not address issues related to the 
fabrication process such as high deposition temperature (generally 
400ºC and more), incompatible with certain substrates such as plastics, 
and the control of the film crystallinity and composition. 

In response to the above limitations, in the present work we explore 
the use of High Power Impulse Magnetron Sputtering (HiPIMS) that 
offers a high power density during the deposition process resulting 
in a very high ionization rate and high ion fluxes toward the growing 
film. HiPIMS, initially described by Kouznetsov et al in the late 1990s 
[11], usually applies low frequency (50-1000 Hz) pulsing and a low 
duty cycle (<5%), giving rise to a high electron density and a high 
electron temperature [12] accompanied by a substantially increased 

plasma ionisation. Compared to RFMS and DC magnetron sputtering 
(DCMS), reactive HiPIMS has been successfully operated in a 
hysteresis-free regime due to a precise control of the pulse off-time and 
pulse frequency [13,14], control of the magnetic field in front of the 
sputtering target [15], or due to a high instantaneous sputter-erosion of 
the surface oxides during individual HiPIMS pulses [16]. In addition to 
the fabrication of protective and hard coatings [17,18], HiPIMS has also 
recently been demonstrated as very attractive for the deposition of very 
dense low-stress optical coatings [19]. 

Inspired by the earlier work described above, we demonstrated a 
possibility, while using HiPIMS, to deposit crystalline thermochromic 
VO2 at a substrate temperature as low as 300ºC. Such films exhibit a 
high (up to 61%) transmission variation in the near infrared as shown 
in Figure 1, and a decreased transition temperature of 50ºC without any 
doping [3]. Here we extend this study to explore the dynamics of the 
reactive HiPIMS plasma in order to understand how the plasma-surface 
interactions assist to lower the substrate temperature of the crystalline VO2.

Figure 1. Optical transmission of a 75 nm thick HiPIMS VO2 film as a function of wavelength at 30ºC
(blue) and 90ºC (red).  (After [3])

Section 2: Experimental methodology
Vanadium oxide films were prepared in a magnetron sputtering system 
comprising a 20 liter stainless steel chamber pumped to a base pressure 
of 10-6 Torr by a mechanical and a turbo-molecular pumps. The 
working gases included argon (99.999% purity) and oxygen (99.995% 
purity) admitted to the chamber at a total flow rate of 58 sccm, while 
using an O2/Ar flow ratio between 0 and 0.07. The working pressure 
was kept at 10 mTorr.

An unbalanced magnetron head supported a 100 cm diameter 
vanadium target (99.5 % purity). The magnetron was powered from 
a HiPIMS power supply (HMP/2, Huettinger) capable of providing 
a target voltage and a discharge current of up to 2000 V and 1000 A, 
respectively, 10 to 200 μs long pulse durations, and a repetition rate of 
50 to 500 Hz. Target current density was limited to 4 A/cm2 with an 
arc-control set at 300 A. An example of the voltage-current waveform of 
the HiPIMS pulse is presented in Figure 2. For comparison purposes, 
the same system was operated in an RFMS mode using Seren R600 RF 
power supply coupled with an RF matching unit. 

The plasma characteristics were evaluated using a combination of 
several diagnostic tools. Optical emission spectroscopy measurements 
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were performed with an Ocean Optics USB 2000 spectrometer with 
a spectral range from 230 to 820 nm to record the time-averaged 
spectra originating from both HiPIMS and RFMS discharges. The 
dynamics of the individual pulses was investigated using a fast imaging 
camera (PI-MAXII, Princeton Instruments). In order to selectively 
follow the behaviour of the plasma species, we designed and fabricated 
optical interference filters that we placed in front of the entrance of 
the spectrometer to select emissions from 400 to 450 nm (filter A – 
emissions due to ionised argon and metal), and above 750 nm (filter 
B – emissions due to neutral argon and atomic oxygen). Optical bands 
corresponding to filters A and B are indicated by the grey zones in the 
spectra shown in Figure 2. To understand the effect of ions on the VO2
film growth, we also investigate the plasma using mass spectrometry 
(Hidden EQP-1000) in the negative and positive ion modes.

Figure 2. Example of the current-voltage waveforms of a HiPIMS discharge with a vanadium target using 
a voltage of 900 V, a pulse length of 45 μs, a total pressure of 10 mTorr, and 7% of oxygen in the Ar/O2 flow.

Section 3: Results
Figure 2 presents a typical waveform of the HiPIMS pulse used for 
this experiment. It displays an impulse-like current with no saturation 
plateau as expected for HiPIMS power management with short pulses. 
Optical emission spectra from HiPIMS and RFMS discharges shown 
in Figure 3 confirm that the HiPIMS discharge generates significantly 
more ionised and dense plasma with clearly higher emission intensity in 
the ionized argon and vanadium spectral regions. 

Figure 3. Normalized optical emission spectra taken at a 3 cm distance above the vanadium target during 
reactive sputtering in HiPIMS (top in red) and RFMS (bottom in black) modes. The grey areas indicate the 
transmission regions of the two optical filters.

Plasma imaging with a high speed camera allows one to monitor 
the plasma expansion into the chamber during each pulse, as 
previously discussed for 200 μs long HiPIMS pulses [20,21]. Since the 
present experiments were performed with short pulses (compared 
to our previous work), the consecutive images were taken with short 
increments of 2 μs. Selected images shown in Figure 4 were recorded 
at three different times following the pulse onset: (i) at the beginning of 

continued on page 48

the current rise (15 μs after ignition), (ii) nearly at maximum cathode 
current during the pulse (37 μs after ignition), and (iii) shortly after the 
pulser has been turned off (i.e., at the beginning of the post-discharge 
interval or 2 μs after the voltage drop). The first column presents 
emission from the neutral metallic and argon ions in the reactive mode 
(images were taken with filter A), while the last two columns show the 
difference between the reactive and non-reactive sputtering modes in 
HiPIMS for the neutral gaseous species (using filter B). 

At the beginning of the pulse, gaseous species are excited, and they 
are visible as a small wave of light originating from argon gas (15 μs 
delay time with filter B in Figure 3) for both reactive and non-reactive 
discharges. Following this period, the plasma expands further into 
the chamber, with a higher emission intensity compared to the non-
reactive process. This effect can be explained by a higher current of 220 
A compared to 108 A. After the pulse termination, we observe a clear 
difference between reactive and non-reactive discharges: in the reactive 
mode, during a period of 4 μs following the pulse decay we can see 
re-ignition of the emission from the gaseous species. In contrast, the 
metallic species exhibit low emission intensity comparable with the one 
at the beginning of the pulse.

Figure 4. Fast camera imaging of the HiPIMS discharge development above a vanadium target at 15 
μs, 37 μs and 47 μs after the onset of the pulse. In the left column, filter A allows one to observe metallic 
species and ionised argon (Ar+) in the reactive mode at wavelengths in the 450-500 nm range. In the 
central column, filter B is used for detecting argon neutrals and atomic oxygen at wavelength in the 750-
900 nm range in the reactive mode. The right column shows emission intensities from argon neutrals in the 
non-reactive mode using filter B.

To gain more insight into the behaviour of the plasma species at the 
substrate level, we investigated the presence and energy distribution 
of positive and negative ions by means of the mass spectrometry. In 
contrast to the results obtained by Bowes et al [22], no high-energy 
negative ions were observed in our experiments. The reason for this 
may possibly be related to a higher pressure used in our experiments 
(10 mTorr) and a long target-to-substrate distance. In fact, ion-
neutral and ion-ion collisions can lead to an attenuation of the flux 
of fast O- ions by 6 orders of magnitude if we consider an ionisation 
cross section of 2.2x10-19m2 [22]. The negative ions(O2

- and O-) are 
still detected when the entry to the mass spectrometer is grounded, 
exhibiting an energy of around 10 eV, i.e., relatively low so they would 
not substantially affect the film growth. Concerning positive ions, it is 
known that in non-reactive mode [16,23] a large fraction of metallic 
species arrives to the substrate surface in an ionised state. However, this 
was not the case observed under our deposition conditions when no 
significant intensity of metal ions was detected. As shown in Figure 5

for the HiPIMS discharge, we observe that the signal from O+ ion forms 
the most intense peak while Ar+ ions dominate the mass-spectrum 
from the RFMS discharge.
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Figure 5. Positive ion mass distribution averaged over time for HiPIMS (top) and RFMS (bottom) 
discharges above the vanadium target.

Section 4: Discussion
Interpretation of light emission from the plasma is quite arduous. Under 
low pressure plasma conditions, i.e. out of thermal equilibrium, light 
emission is dominated by atomic lines and molecular bands from the 
plasma species. In our case, with a low fraction of molecular oxygen 
injected inside the chamber, the emission from molecular species such 
as di-oxygen is very low, and we can focus on the line emission form the 
atomic species.

Light emission strength    for a specific line with frequency ν from 
an upper level u to a lower level d is defined by Equation 1, where h is 
the Plank’s constant, A(u→d) is the transition probability, and n(u) is the 
upper level density. 

The transition probability A(u→d) can be derived from the 
equilibrium plasma to link it to the Einstein coefficient and atomic 
quantum states. This leads to an emission intensity directly linked 
to the upper excited level of the transition. In low temperature non-
equilibrium plasma such as HiPIMS, the species density levels are 
estimated using the collisional radiative model where transition from 
the lower states of energy is obtained only by collision with electrons 
and other particles, and transition from upper to lower energy levels is 
governed by light emission while collisions with other particles. These 
kinds of models are largely presented for non-reactive HiPIMS plasmas 
[24], and also for reactive DC plasmas [25]. Until now, such model has 
not yet been developed in full for reactive HiPIMS plasmas; however, 
for the interpretation of our present results and for their quantitative 
analysis, we will follow this model without solving it. 

In Figure 4, when we look at the on-pulse part of the discharge, we 
can observe a large emission from the gaseous species in the chamber 
relatively far from the magnetron. These light emissions arise directly 
from electron impact excitation of argon and oxygen according to 
Equations 2 to 4.

In addition, from the images taken with filter A, we observe that 
the excited metal is contained in the close vicinity of the target, within 
the magnetic confinement of the magnetron. When the pulser is turned 
off, the  field vanishes. In the center bottom image of Figure 4, we see 
an excitation of the gaseous species. After drifting away, the electrons 
cool down by collisions and then combine with oxygen following 
Reactions 4 and 5, as proposed by Benzeggouta [26], leading to an 
excitation of the atomic oxygen line at 777.2 nm. In addition, it is highly 
probable that close to the magnetron target, some energy is stored 
in argon metastables, so that the collisions between so that collisions 
between these excited argon atoms and O2 cause dissociation and 
excitation of oxygen as in Reaction 7.

The “additional”, highly reactive atomic oxygen produced by 
Reactions (5) and (7) in the afterglow might contribute to the fact 
that a lower partial pressure of O2 is needed in HiPIMS to obtain 
stoichiometric VO2, compared to RFMS.

When we diagnose our plasma with positive ion mass spectrometry, 
we see a large fraction of atomic oxygen ions at the substrate level 
nearly as intense as the argon ion intensity, while only a small fraction 
of molecular oxygen and no metal ions from the target are detected 
(see Figure 5). For metallic species, we may consider two hypotheses 
regarding why there are no vanadium ions detected at the substrate 
level. The first one is that most of V+ ions created in the vicinity of 
the target are recombined before they arrive at the substrate due to 
collisions with low  energy electrons and negative ions. The second one 
is that some of the metal is sputtered as VO, and that VO ionization 
threshold is too high to produce a significant amount of VO+ ions. 

Regarding atomic oxygen ions, we presume that the gaseous 
ions in the plasma are created by direct collisions of electrons with 
neutrals as described by the Reactions 8 to 11. The origin of O+ ions 
is described by two equations, namely by direct impact onto atomic 
oxygen (Reaction 8), or by dissociative impact onto di-oxygen molecule 
(Reaction 9). For low pressure plasma, at a low electron temperature 
(below 10 eV), Equation 9 dominates over Reaction 8 [27], and we 
can assume that in the present HiPIMS plasma atomic oxygen ions are 
produced from atomic oxygen and their fraction is proportional to the 
atomic oxygen density. Once again, higher level of O atoms allows for 
lower partial pressure during HiPIMS and a more effective sputtering 
process. It is also worth noting that O+ ions possess a two times higher 
energy per atom than their O2

+ counterparts, and so they have a higher 
penetration depth into the growing film leading to better intermixing 
and densification [28].

Oxygen Dynamics 
continued from page 47
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Conclusion:
We investigated the HiPIMS plasma during the reactive sputtering of 
vanadium using a combination of complementary diagnostic tools, 
namely optical emission spectroscopy, fast camera imaging and mass 
spectrometry, in order to better understand the process leading to the 
growth of VO2 at a lower temperature in the HiPIMS environment 
compared to RFMS. It was expected to detect an appreciable fraction 
of negative and metallic ions in the incoming ion flux at the substrate; 
however, we found that the HiPIMS process preferentially leads to the 
development of a large flux of atomic oxygen ions toward the substrate. 
Based on the analysis of the optical emission characteristics, we
conclude that post discharge dynamics between individual pulses in the
HiPIMS process leads to an additional mechanism of atomic oxygen 
production based on electron attachment dissociation of molecular 
oxygen compared to conventional non pulsed RFMS discharge. This 
improved dissociation of oxygen, followed by enhanced oxygen 
reactivity, leads to a stable reactive HiPIMS discharge using a lower 
di-oxygen partial pressure inside the chamber. HiPIMS may also lead 
to a larger amount of energy dissipated within the neutral species of 
the plasma that could not be measured with the experimental means 
applied in this work. These neutral and ionized oxygen fluxes and the 
dynamics of the atomic oxygen generation during the time-on and 
time-off periods is a very attractive subject for further investigation in 
order to better understand the film growth mechanism. 
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