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Commonly a DC power supply is applied to maintain a discharge and
the deposition of a thin film. Main limitation of DC magnetron sputtering is low
sputtering rate and low ion current density and low ionisation degree of the
sputtered flux [2]. To increase the ionisation rate a radio-frequency (RF) field
from an external coil placed in the region between the cathode and the anode,
can be used to generate a highly ionized metal plasma discharge [4]. It has
been found that the ionization, and therefore the ionization flux fraction,
increases with increased RF power and pressure [5]. In 1999 Kouznetsov et al.
[6] suggest a new method of increasing the metal particles ionisation named
high power impulse magnetron sputtering (HIPIMS) for deposition of hard
nanoscale coatings. They reported that HIPIMS produces a highly ionized flux
of the target material and higher electron densities than standard DC
magnetron sputtering. Highly ionized flux produces denser coatings and
improved properties of the coating. HIPIMS is a proven technique in deposition
of CrN [7] and TiN [8] hard thin films with applications in tribological protection
of automotive engines and turning.

The wide application of HIPIMS for film growth requires understanding
of plasma dynamics and influence of plasma parameters on the thin film
properties. Understanding the properties of ions in the plasma could be helpful
in controlling the flux of metal particles arriving at the substrate and therefore
controlling growth of the coating and its properties such as microstructure
density, surface roughness and lattice defect density.

The target power density in HIPIMS reaches 3000 Wem™ compared to
< 30 Wcm? typical of conventional direct current magnetron sputtering
(DCMS). Unlike DCMS where a constant voltage is applied, in HIPIMS voltage
is applied in short pulses, typically around 100 ps long, with a long off time
between pulses of 10 000 ps in order not to overheat the target. Increased
power on the target leads to increased sputtering and ion density of >10'°® m™
in the vicinity of the target has been detected [6, 9] which in turn results in
appreciable degree of ionization of the metal atoms sputtered from the target.
lonization degree of 90% in the HIPIMS discharge was reported [10].

The ionization mechanisms during a typical HIPIMS pulse evolution in
time are governed by electron impact collision processes and depend strongly
on the electron energy distribution function (EEDF). Langmuir probe



measurements of the EEDF in a similar system [11] - a pulsed magnetic
multipole hydrogen discharge - showed that it changed from a non-Maxwellian
distribution with high energy during the discharge to a Maxwellian distribution
in the late post-discharge. The term Maxwellian distribution under the
assumption that the plasma is in local thermal equilibrium is used. Similar
results were reported in the HIPIMS discharge [12]. The work of Vetushka et al.
[9] shows a high energy group during the ignition phase of the discharge and a
low energy electron group at the end. It was found by Guimaraes et al [98][99]
that EEDF in an Argon planar magnetron discharge with Mo target has nearly
Maxwellian distribution at low energies but at energies higher than 15 eV the
distribution is not Maxwellian than rather it has a high energy tail stretching up
to 500 eV. |

The HIPIMS plasma develops through several stages in time and the
transport from the target to the substrate occurs not just during the pulse but
also in the time between the pulses. Several phenomena have been
uncovered to describe this behaviour. Gudmundsson et al. [12] have shown
that the diffusion rates of plasma through the chamber are strongly influenced
by the pressure of the process gas with speeds of 0.4 cmps™ at 0.3 Pa and
decreasing to 0.087 cmpus™ at 7 Pa, indicating that the diffusion is strongly
dominated by elastic scattering. A number of works have distinguished two
waves of plasma arriving at the substrate [13, 14, 15, 9] a gas plasma
succeeded by a metal-rich plasma.

The HIPIMS plasma discharge undergoes several stages of
development, as has been observed by optical emission spectroscopy (OES)
[16, 17, 18], from gas dominated plasma to metal dominated plasma. The
OES measurements of a HIPIMS plasma discharge of Ti [16] showed the
existence of Ar%, Ar'*, Ti%, Ti"*, and Ti** species in the discharge. In the
beginning of the pulse, the plasma is dominated by Ar neutrals and as the
discharge current increases and the sputtering of metal vapour develops, Ti
ions become the dominant species in the plasma. After the pulse, the relative
emission intensity is decreasing, fastest for the Ti?* and Ti'* ions and at a
slower rate for Ar® and Ti® atoms. These works have collectively pointed to the
fact that at the substrate, gas plasma is firstly generated by quickly diffusing
hot electrons and the bulk plasma generated at the target arrives at a later



stage, delayed by the diffusion process. In some cases a third peak may be
detected attributed to reflection of plasma from the vessel walls [15, 16, 19].

De Poucques et al. [20] showed that in the post discharge titanium ions
and electrons diffuse together from the magnetron cathode to the substrate
obeying ambipolar diffusion. The ion energy distribution function (IEDF) is
strongly affected by the diffusion of the discharge plasma through the chamber.
The evolution of the electron density measured at different distances from the
target at pressures from 0.3 Pa to 3 Pa shows that at high pressure the
electron density decays slowly at all distances compared to sharp drop in
density after switch off at low pressure [21]. In addition the measurements
showed delayed arrival of peak electron density at longer distances and
reduction of electron density peak travelling velocity with increased pressure.
The results obtained with the Langmuir probe used to investigate the
dependence of the electron density temporal evolution on the discharge power
[19], show the increase in electron density with discharge power and delayed
arrival of the electron density peak at longer distances from the target.
Furthermore Langmuir probe was used to investigate the occurrence of the
metal ions as a function of time and distance and as a function of time and
pressure at 1.1 Pa [19]. The results show two waves of ions, first one arriving
shortly after the end of the pulse and second wave arriving in the post-
discharge reaching peak later for the longer distance from the target.

The ion saturation current measured at different distances from the
target [22] showed that ions are able to leave the magnetized region and
reach the substrate in greater numbers depending on the peak current, which
is the consequence of the kinetic pressure exceeding the magnetic pressure.

The thermalisation of neutrals in a direct current (DC) magnetron
sputtering plasma was investigated in detail by several authors [23, 24].
Simulations of particle transport [25] and the neutral particle flow in HIPIMS
[26] add valuable information on plasma thermalisation and gas rarefaction.
Several papers used mass spectrometry to describe the influence of pressure
on the ion energy distribution function (IEDF) [27] and the influence of power
on the IEDF [28, 29, 30]. Vicek et al. [31] observed the dependence of the
IEDF of Cu target in HIPIMS on pressure and distance from target. It was
found that increasing the working gas pressure and distance from the target
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evolution of the gas, Ar'* and Ar**, and metal, Cr'*and Cr** |IEDF at the
position of the substrate using energy-resolved mass spectroscopy has been
investigated. The ion saturation current was measured next to the mass
spectrometer orifice to provide data on the total ion flux. The results and
discussion is presented in Chapter 4.2.

Complete temporal and spatial variation of ion fluxes and ion energies
impinging on the substrate during HIPIMS deposition hash’t been yet
investigated. Temporal and spatial resolved measurements of the IEDF using
plasma sampling mass spectrometer and spatial and temporal measurements
of electron density using Langmuir probe have been performed to give an
insight on plasma properties at different positions inside the deposition
chamber. The results and discussion is presented in Chapter 4.3.

There are numerous materials used for thin film deposition. Each of
materials has a specific mass, sputtering yield, binding energy and ionisation
potential. In order to investigate the influence of these properties on the
plasma properties the temporal evolution of metal and gas ions was
investigated in the HIPIMS plasma discharge of C, Al, Ti, Cr, Cu and Nb. The
result provided information about the correlation between sputtering yield and
metal ion - to - gas ion ratio. The results and discussion is presented in
Chapter 4.4.

In the final chapter the correlation between plasma properties,
measured with plasma sampling mass spectrometer, and the properties of
HIPIMS-deposited coating was given. Four CrAISiN nanocomposite coatings
were deposited, one with DC power supply connected on both Cr and AlSi
target, and three with DC power supply connected to AlISi target and HIPIMS
power supply connected to the Cr target. The power on the HIPIMS power
supply was changed from 0.21 kW to 0.7 kW. Composition of the coating was
investigated with Energy dispersive X-ray spectroscopy (EDX) and the surface
of the coating was recorded using Scanning electron microscope (SEM) and
Atomic force microscopy (AFM). The results and discussion is presented in
Chapter 4.5.



+ $ )-.

6@

*LC



?8

K.*L6 3

'"éeH B

K.*L6

9 4;



$#$ 0

3 ' 7 8 Lo $ 8 K!))L
$ '8
' ' 5 K.-L(
$ % &
Y (# o
' ?
6 3 ? 7
. 6 -
$ 8 $
8
8 7 8 8
' 8
' 7 86 3 ?
7 8 5
8 ! ' 6 K.+L
!
aar
(
&+ 2
0 $2+r
uv
.
-
br e Ee 184 S &t alce vl
8 9
6! > 7 8 $ 9 :
6 K.+L



2.1.3 Voltage current characteristic

Very comprehensive explanation of the voltage current characteristic of
the discharges is given by Cobine [40]. The material and shape of the
electrodes does not have an effect on the characteristics of the discharge. The
voltage source with potential E is connected in series with a resistance R,
therefore the voltage between anode and cathode is equal to V = E - IR,
shown on Figure 2.2. Depending on the resistance R the current in the
discharge and the properties of the discharge are changing. The irregular
curve on Figure 2.2 is the voltage - current (V-I) characteristic of the device.
The scale of the voltage and current has been distorted to show all stages of
the discharge.

Point A on Figure 2.2 is a stable point of operation for R = R Itis a
stable point since if the current | is slightly reduced the V increases, according
to the load line, while the voltage between anode and cathode becomes
smaller. The difference in voltage increases the current, restoring it to the
value before the disturbance. If the current is slightly increased, a reduced
voltage will tend to reduce the current again bringing the operating point back
to the original place. At point A, the current is a few microamperes, the
discharge is dark, it is not self-sustained and it is called the Townsend region.

Discharge Static V-I Characteristic

Figure 2.2 Discharge voltage current characteristic, adopted from [40]

10



Next stage occurs if the resistance is reduced from R; to R.. The
currents are higher and the discharge transits from Townsend discharge to a
glow discharge. Operating point moves up the curve until the sparking
potential Vs is reached. At the sparking potential the voltage is sharply
reduced and the stable operating point is located at the position B. At this point
the discharge is self-sustaining. The cathode heating is not sufficient to cause
transition to an arc. If resistance R is decreased further, towards Rs, the
discharge voltage increases until point B' is reached. To increase the current
large increase in the voltage is needed. This is known as abnormal glow. If
cathode heating is sufficient it will result in increase of the electrons and the
discharge voltage will decrease. Reducing the voltage the discharge operating
point moves to point C. At point C the voltage is low and current is
considerably higher. At this point discharge is transformed to the arc. Further
reduction of resistance R will result in target melting [40, 35, 38].

2.1.4 Glow discharge

Glow discharge in a tube and different regions of the glow discharge
are shown and named on the Figure 2.3. It was found that if the tube is
extended and the distance between electrodes is increased the negative glow
and Faraday space do not expand while the positive column extends. To
maintain the discharge it is necessary to have constant generation of ions and
electrons. The whole process starts at the cathode where positive ions, mainly
coming from the negative glow region, bombard the target and eject
secondary electrons. The ions recombine at the cathode falling to the ground
state with the emission of a photon. This light from the recombining ions
produces the cathode glow, which is separated from the cathode by a very
narrow space, the Aston dark space. Dark regions in the discharge are less
luminous than brighter regions, such as cathode glow, negative glow and
positive column. The Aston dark space has the strongest electric field in the
discharge and most of the voltage between anode and cathode is lost in the
cathode fall V. near the cathode. Secondary electrons ejected from the
cathode are accelerated in the cathode fall and by reaching negative glow the
electrons acquire sufficient energy to ionize the atoms in the plasma. In the

11
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