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1. Plasma Diagnostics by Radio Frequency (RF) Planar Probe

A plasma diagnostic at conditions of reactive r-HiPIMS and r-HiPIMS + ECWR depositions were
done by a so-called radio frequency (RF) planar probe, which is described in detail in reference [34].
This method has origin in Sobolewski method presented in [35-37]. The base of this diagnostics is in
the measurement of RF current Irr, and RF voltage Urr, on a planar probe connected to separate an
RF generator through the blocking capacitor. The frequency of this generator should be lower than
ion plasma frequency [34]. In our experiments the frequency of this generator was set up on f= 350
kHz. The basic experimental arrangement of this diagnostics method used in this paper can be seen
in Figure S1. The planar RF probe is placed at the position of the substrate in the distance 150 mm
from the surfaces of both targets. The RF generator is connected through a blocking capacitor C to a
planar probe through a sensor containing a current transformer Tr: and capacitive voltage probe P
(Figure S1). Signals from current transformer Tn and voltage probe Pu are fed to digital storage
oscilloscope and Irrp(t) with Ure(t) waveforms can be obtained and transferred from the scope to PC
for further software processing. The example of obtained Irry and Urry during the active discharge r-
HiPIMS pulse on copper magnetron cathode can be seen in Figure S2. Ion flux on the probe o can be

obtained from Irey at time to when Urr, has minimum value. At this time, all electrons are repelled
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electron current 7. at the probe for this moment are ic = 0, I. = 0 respectively. The capacitive current

from the probe and simultaneously (to) = 0. It means that both capacitive current ic and

through the probe can be expressed as

au
ic = Cy(Urep) —, - (©) (1)
where Cp(Urry) includes dynamical capacitance of the sheath on the probe and parasitic capacitance
of the probe relative to ground.
dURFp

Since 0 (to) = 0, we can state that ic(to) = 0.

For this reason, at time to, it is valid that: Irrp(f0) = Io [35]. Ion flux o is the ion saturation current
on negative biased planar probe. Ion flux density iinfiux can be calculated if we know the surface Sy of
the probe according to the following formula:

) Iy
Lionflux = 5 (2)

Sp=0.5 cm? in our experimental configuration. In order to avoid edge effect on the planar probe,
we have used the guard electrode around the circular active planar probe (Figure S2), which is on the



same potential as the active probe, but the Irr, was measured only through the active probe and was
not measured through the guard electrode. This method was already presented in reference [38,39].
This method improves the accuracy of the calculation of iinux. As we have many periods of Ursp
during r-HiPIMS pulse, we can calculate fintx with good time resolution 7 = 1~29 pus during the

r-HiPIMS pulse since we can get the value of i only once per one period of Urr signal on the
probe.
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Figure S1. Experimental configuration of guarded planar radio frequency (RF) probe for
measurement of current and voltage waveforms and plasma diagnostics.
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Figure S2. The example of time evolution of RF current Irproee RF voltage Urrprore measured on the RF
planar probe. Time evolution of cathode voltage on Cu cathode is shown as well in case of reactive r-
HiPIMS + ECWR deposition copper iron oxide with Pecwr =180 W.

This method can be used also when the surface of the probe is coated with insulating or
semiconductor layer. This insulating layer exhibits a further capacitor in serious with the probe circuit
which introduces only a small impedance for the measured RF current Irr. This is valid if the
deposited layer on the probe is thin enough [35].



The ion flux density dinfux can be used for plasma ion concentration n: calculation according to
the following approximate formula [40]:

®)

iionflux =eXn X

where e is the charge of the electron, 7 is the ion concentration, ks is the Boltzman constant, T. is the
electron temperature and Mi is the mass of heavy ions.

In order to be able to calculate ni from (3), it is necessary to know T.. The method of how to get
from Irrp(f) and Urrp(f) on the planar probe parts of Langmiur probe characteristics in the region of
ion saturation current and in the region around the floating potential is presented in reference [34].
The fundament of this method is the subtracting of capacitive current presented in Equation (1) from
the total probe current.

I(=Irrp(t )~Cp (Upp) “2E2 (£) 4)

If we take a single period of Urry(t) and Irep(t) from the particular minimum of Urry to the next
minimum, we can reconstruct two functions of Irey (Urry), as can be seen in Figure S3, where the first

function can be created for dRF” >0 as

RF A
Igpp = Isy(Ugp) = I,(Ugpp) +C (URFp) £ (Ugrrp) @)
and the second function can be created for :tF” <0 as
RF B
Igpp = Isg(Ugp) = I,(Ugpp) + C (URFp) £ (Ugrrp) (6)

From Equations (5) and (6), we can calculate for each particular Urry the desired I(Urr) and

d dau .. . .
Cp(Urep) as %, % Isa, Iss are known quantities which can be directly calculated from

measurement. In Figure S3, we can see the final calculated I,(Urry) for particular Urry period, and this
is the desired part of Langmuir probe characteristics for plasma parameters calculation.
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Figure S3. Example of reconstructed current voltage characteristics for the single Urrp voltage sweep
in the middle of copper discharge pulse in case of reactive r-HiPIMS + ECWR deposition copper iron
oxide with Pecwr =180 W.



One simple possibility for how to get the electron temperature T. from I,(Ursy) for the ideal planar
probe is to calculate the second derivative of probe current to get the electron energy probability
2

function and from the slope of the function In —;121” (UrFp)-
RFp
We can get the electron temperature T. [40]. This approach is valid only in case of existence of
Maxwellian electron distribution function in the plasma. This is not often true. In the case of non-
Maxwellian electron distribution function, we get the so-called tail electron temperature that
describes only the electrons with energies around floating potential Uy [39]. In Figure 54, we can see
an example of tail electron temperature T. calculation in the middle of active discharge pulse on the

copper magnetron cathode in hybrid r-HiPIMS + ECWR plasma excitation.
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Figure S4. Example of reconstructed current voltage characteristics for the single Urry voltage sweep
in the middle of copper pulse in case of reactive r-HiPIMS + ECWR deposition copper iron oxide with
Pecwr =180 W, logarithm of second derivative is shown with fitted electron temperature T. from the
tail of electron distribution function.
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Figure S5. Linear voltammetry of the sample 2x annealed in air on 650 °C in electrolyte without
degassing by argon and in electrolyte degassed by flow of argon for 5 h before PEC measurement.
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Figure S6. X-ray diffraction (XRD) of sample 9x with significant delafossite structure after annealing
of the sample after deposition at 650°C in vacuum.
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