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Abstract
Study of HiPIMS neon plasma produced by the hollow graphite cathode magnetron was
carried out. The pressure is 2.66 Pa and average discharge power is up to 490 W. The emission
spectra in the UV spectral regions shows strong lines of carbon and neon ions. The dynamics
of the intensities of CT and C lines and their dependency on the discharge power were
measured through the side window at a distance of 12 cm from the cathode. Using probe
measurements, the plasma parameters inside and outside a hollow cathode magnetron (HCM)
with discharge have been determined. The plasma density reaches 1.5 x 10'> cm? and the
electron temperature is 6 eV at a distance of 12 cm. The EEDF shows the presence of electrons
with energy up to 32 eV. The goal of this research is to investigate the carbon ionization in the

HiPIMS discharge with a HCM.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Hydrogen-free diamond-like carbon (DLC) is a versatile mate-
rial, which exhibits excellent mechanical, electrical and opti-
cal properties [1, 2]. Due to these features, DLC films are
widely used for surface protection in cutting tools [3], mag-
netic storage disks [4], biomedical devices [5], antireflection
coatings, and optical sensors [6]. The properties of DLC thin
films are determined by the bonding configuration (sp*/sp?
fraction) of its carbon atoms. Hard hydrogen-free DLC films
with a large number of carbon sp® bonds are designated as
tetrahedral amorphous carbon (ta-C) films. DLC films exhibit-
ing these properties are usually produced by highly ionized
physical vapor deposition (PVD) techniques, such as filtered
cathodic arc (FCA) or pulsed laser deposition (PLD) [7-10].
In PVD techniques, the ions of inert gas (Ar, Ne) and car-
bon are accelerated by substrate bias voltage. A highly ionized
deposition flux provides means for controlling the energy of
the depositing atoms that makes it possible to synthesize DLC
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with desired properties. The resulting DLC films typically
exhibit a high density (2.8—3.2 g cm™3) together with a high
sp* bond fraction (75%-90%), which entails a significantly
high hardness (>20 GPa). However, coatings deposited by
PLD or FCA exhibit high defect densities and surface rough-
nesses, for example caused by emitted particles from the target,
so-called droplets.

High power impulse magnetron sputtering (HiPIMS) dis-
charge allow the creation of comparable ion fluxes of buffer
gas on large substrate surface. However, the ionization rate
of sputtered carbon species in magnetron sputtering glow
plasmas is low because of a low sputtering yield, a high
ionization energy (11.3 eV) and a smaller electron impact
cross-section as compared to metals. It is well known that
sputtered carbon species are difficult to ionize. The reaction
rate constant for carbon is lower by two to three orders than for
other metals such as titanium and copper [11, 12]. In addition,
hard hydrogen-free DLCs are synthesized by highly ionized
plasma suffer from large compressive stresses that limit their
applicability [13].

Despite the difficulties, the HIPIMS discharges are inten-
sively studied to produce of ta-C films [14—19]. The use of

© 2021 IOP Publishing Ltd  Printed in the UK


https://doi.org/10.1088/1361-6595/ac0b2a
https://orcid.org/0000-0002-9589-892X
mailto:poluekt@mgul.ac.ru
mailto:maksim.kladov@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6595/ac0b2a&domain=pdf&date_stamp=2021-7-1

Plasma Sources Sci. Technol. 30 (2021) 075003

N P Poluektov et al

POWER SOURCE

ANODE RING

= +
? SUPPLY? +0 -9

CATHODE

IMS

PUMP

MONOCHROMATOR

==

Figure 1. The experimental setup.
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Figure 2. Magnetic field of a hollow cathode magnetron measured
in the middle section. I, = 0.9 A.

Ne as sputtering gas significantly increases the ionization of
sputtered C compared to standard Ar-HiPIMS discharges and
allows to obtain carbon films with a high mass density [13,
20, 21]. Neon has a higher ionization energy (E; = 21.56 eV)
than Ar (E; = 15.6 eV). The electron temperature increases,
which follows from the electron energy balance. This in turn
increases the ionization rate coefficient, which exponentially
depends on the electron temperature. As a result, DLC films
with a high mass density of 2.7 g cm™ and low compressive
stresses (2.5 GPa) were produced [13].

There are few studies of plasma parameters during sput-
tering of a graphite target [20, 22]. In this work, we studied

the properties of a Ne-HiPIMS discharge produced by a hol-
low cathode magnetron (HCM) with a graphite target. Previous
experiments with Cu target showed that the plasma density
in this discharge remains high (>10'> cm™3 at a pressure of
1.33-2.66 Pa up to a distance of 20 cm from the magnetron
[23]. This is a significant difference of the HCM from dis-
charges with a planar cathode, in which regions with the max-
imum densities are located close to the cathode surface. The
goal of this research is to investigate the carbon ionization in
the HiPIMS discharge with the HCM.

2. Experimental apparatus

The experimental setup of the magnetron discharge with a
hollow cathode is shown in figure 1. The cathode consists
of a cup-shaped C target (purity 99.9%) (internal diameter
6 cm, length 8 cm) installed in copper water cooled cylinder.
Plasma from the cathode diffuses into a reactor (30 cm diam-
eter, 45 cm length). The electrically insulated insert of 18 cm
internal diameter and 7 cm in length is located between the
cathode and plasma chamber. The chamber was pumped to
base pressure 1073 Pa using a diffusion pump. Ne was used
as process gas. Pressure was measured using Baratron pres-
sure gauge. Gas flow (25 sccm) is provided by the gas flow
controller. The magnetic field is produced by eight columns of
Nd-Fe—B magnets surrounded the target with ring iron flanges
on the edges. Magnets are also installed behind the bottom of
the cathode. Their distance to the plasma is 1 cm and their
effect on the discharge is rather weak. The downstream of
the HCM is located the electromagnet. Its magnetic field is
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directed against the magnetic field of the permanent magnets.
The plasma flow expends to more a uniform radial distribution
when the electromagnet is on. The magnetic mirror formed by
this system confines secondary electrons inside the cathode.
Figure 2 shows the magnetic field of a HCM measured by a
triple Hall sensor in the middle section.

The anode of discharge is a copper ring (i.d. = 15 cm) posi-
tioned at distance of 10 cm from the cathode insulated from
chamber. In the experiments described below, a voltage U,
of +40 <+ 60 V was applied to the ring anode from additional
source; in this case, the anode collected (0.7 < 0.8) part of the
total discharge current.

Home-made a high power pulse supply was capable of
delivering 900 V and 200 A peak values. A low inductance
resistor of 3 () was used to limit the plasma current. The dis-
charge was ignited using a preionization system based on a
dc source (2 kV, 5-25 mA), and then the pulsed source was
switched on. The DC power supply ensured the discharge
repeatability. The discharge voltage between pulses was self-
regulated in the range of 250—400 V, depending on the pressure
and magnetic field.

The discharge voltage and current were measured by a high
voltage probe (P39258, Holden Electronics) and a current sen-
sor CSNB121 (Honeywell) were recorded by a two-channel
digital oscilloscope Bordo 421 (150 MHz).

The plasma emission was monitored through a side quartz
window (i.d. = 5 cm) located at a distance of 12 cm
from the HCM. Spectra of plasma emission were mea-
sured by a grating monochromator (inverse dispersion of
1.3 nm mm™') equipped with a photomultiplier tube. The
hardware and software for processing spectral data allows to
record the plasma emission spectra at different times during the
discharge.

Using the developed time-resolved Langmuir probe mea-
surements it was possible to determine the temporal evolution
of plasma parameters. The tungsten Langmuir probes were
0.2 mm in diameter and 2 mm in length. The probe bias volt-
ages U, can be scanned from —80 to +80 V in voltage steps
of 0.2 V. The maximum obtainable current was 500 mA. The
hardware components of the system include the high-power
voltage amplifier developed in our laboratory, the sample stor-
age system, the current and voltage detectors, and the PCI card
National Instruments N16221 with three 16-bit ADC, two 16-
bit DAC, and multiplexer. The maximum number of pairs of
voltage—current points in the /—V characteristic of the probe
is 540, and each pair being obtained by averaging over 10
measurements. Processing of the measured /-V characteris-
tic includes smoothing of the data by means of cubic splines
or the Savitzky—Golay filter and calculation of the first and
second current derivatives by the method proposed in [24].
The first derivative was used to determine plasma potential Vs,
while the second derivative was used to determine the electron
energy distribution function (EEDF). The electron density was
determined by integrating the EEDF over energy. We also used
a planar probe diameter of 13 mm to measure the ion saturation
current density.
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Figure 3. Waveforms of the discharge current (a), voltage (b),
source capacitor bank voltage (c), ion current density J; at
z=12cm (d). 2.66 Pa, I =09 A, U,, =40 V.

No doubly charged ions were observed. Since the probe is
located in bulk plasma, the plasma is quasi-neutral there and
therefore the electron density is equal to the ion density. The
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ion density is the ion neon density as the carbon ion density is
an order of magnitude smaller.

The electron effective temperature 7. is determined as
mean kinetic energy of electron gas:

Ef(E)E
(D

[SSI\S)
—8

o —3|°

J(E)E
Here, E is the kinetic energy of the electron gas.

3. Results

Figures 3(a) and (b) show the typical current /; and voltage
U traces from the HiPIMS discharge when the capacitor bank
(40 pF) was charged to 475-900 V. Other discharge parame-
ters were the pressure p = 2.66 Pa, pulse duration of 125 us,
f = 100 Hz. The target voltage drops from the source volt-
age to a constant value of —400 V, which is independent of
the initial applied voltage. The initial voltage of —250 V is
the voltage of the preionization discharge. The current peak
gradually increases with increasing applied voltage, and then
decreases. We considered two reasons for the decrease in cur-
rent. The first is the depletion of the capacitor bank, which is
accompanied by a decrease in the discharge voltage Uy after
20 us. The voltage Uy is the voltage between the cathode and
anode. The source capacitor bank voltage (C = 40 uF) is equal
to Uc = Uq + Ug, where Uy is a voltage drop across the cur-
rent limiting resistance of 3 Ohms. By the time of the current
peak, the exhausted energy is less than 10% of the initial capac-
ity energy and cannot be the reason for the decrease in current.
This is true for all initial voltages shown in figure 1(a). How-
ever, the shape of the current changes significantly when going
to high currents. Figure 3(c) shows the capacitor voltage Uc
trace measured by a high voltage probe, which confirms our
estimations.

Another reason for the decrease in the discharge current
is the rarefaction. We suppose that the rarefaction effect due
to collision with sputtering carbon atoms is small because of
the low sputtering yield of carbon. The rarefaction may also
be due to from ion-produced neutrals reflected from the tar-
get and an increase in the buffer gas temperature, which can
exceed 1000 K [25, 26], but the main reason of this effect is
the ionization of neon atoms.

The constant voltage of the target means that there is no dif-
ference in the sputtering yield per bombarding ion. Therefore,
the density of the sputtered species is proportional to the target
current, assuming that the target current is proportional to the
plasma density. The shape of the current indicates that there is
no self-sputtering.

Figure 3(d) shows the dynamics of the ion saturation cur-
rent density [; as a function of the discharge current. The cur-
rent was measured with a planar probe located at a distance of
12 cm from the HCM on the axis. Bias voltage was —60 V.
The ion current is proportional to the discharge current, and at
I4 =160 A, the ion current density reaches 85 mA cm~2. Mag-
netic fields of electromagnets can be changed to control the
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Figure 4. (a) and (b) Dynamics of the ion saturation current at
different distances along the discharge axis. (a) Inside and near the
exit of the HCM, (b) outside the HCM. p = 2.26 Pa, I3 = 150 A,
Iq=09A, U, =40 V.

radial plasma uniformity and /; on the axis increases 1.5 times
when I = 0.6 A.

At peak current /3 = 160 A the discharge energy E is 4.9 J,
the discharge power averaged over the pulse (7 = 125 us) is
Ppuise = 39.2kW, and the power averaged over the pulse period
(10 ms) is P,y = 490 W. The erosion zone is located in the
corner at the bottom of the target and on the cylindrical surface
of the hollow cathode. The effective racetrack area is about
150 cm?. The peak current density is 1.1 A cm~2, the peak
power density is 0.4 kW cm~2 and average power density is
3.3Wcem 2

Figures 4(a) and (b) show the dynamics of the ion satura-
tion current measured by the probe (U, = —60 V) at differ-
ent distances along the discharge axis. (R = 0 cm). The edge
of the cathode has the coordinate Z = 0. From the figure 4
follows that, at times 0 < ¢ < 10 us, the current is nega-
tive due to high-energy electrons arising from the breakdown.
The number of high-energy electrons is large in the depth
of the hollow cathode and decreases with increasing distance
due to collisions with atoms. A longitudinal magnetic field
created by the solenoid promotes the propagation of elec-
trons and the probe detects them at a large distance from the
cathode.

The formation of a negative current pulse on the probe
is quite typical during the first several microseconds for the
HiPIMS discharge.

The ion current at + >10 ps increases and its peak coin-
cides with the peak of the discharge current (figure 4(a)).
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The ion current is small at the hollow cathode bottom and
grows toward the exit. The peak value of the ion current
near the exit is 9 times greater than that of at the bot-
tom. After 60 us, the current inside the cathode decreases to
zero until the end of the discharge. Thus, the plasma den-
sity on the axis inside the hollow cathode is low during the
discharge.

The plasma with high density within the hollow cathode is
located near the side surface. Probe measurements showed that
the ion current increases with a higher radius and at R = 2 cm
and z = —3 cm is 10 times the current on the axis. A detailed
discussion of these measurements is beyond the scope of this
paper. A similar result was obtained in a DC HCM 14 cm in
diameter, where probe measurements were made inside the
cathode at different radii [27].

It is interesting to note that the picture is different for a dis-
charge in argon. The ion current at R = 0 cm within HCM,
although small, does not fall to zero and the current peak ratio
Ii exit/Ii powom 18 4. Recalling that these results are valid for the
case when magnets behind the bottom HCM have little effect
on the discharge.

Along axis the ion current outside the hollow cathode
increases and its peak is reached at a distance of 2 cm from
the magnetron. A similar pattern was observed in the HCM
operating in direct current mode [27]. The peak value of the
ion current outside the HCM (z = 2.5 cm) is 13 times greater
that of at the cathode bottom.

Figure 5(a) presents the dynamics of the ion saturation cur-
rent at different radii measured by a probe at the distance of
12 cm from HCM. The time evolution of the radial ion cur-
rent distribution plotted from the data in figure 5(a) is shown
in figure 5(b). It gives information about ion fluxes onto the
substrate. Two ion peaks are clearly observed at radii greater
than 1.5 cm. The first peak coincides in time with the discharge
current maximum. It is attributed to neon ions produced in
the early stages of the discharge by the ionization front gen-
erated by the fast electrons crossing the target to the anode
ring. The magnitude of the first peak increases with increas-
ing radius (figure 5(b), 20 ps). During 10-20 us, the current
flows along radii of 3—7 cm from the cylindrical surface of
the cathode to the anode ring. At 50—60 ps, the ion current at
these radii decreases and then slowly rises to a second maxi-
mum. The ion current near the axis at ¢ > 30 us, also increases
and exceeds the current at the periphery. The second peak is
caused by the flux of ions from the hollow cathode. When
the discharge voltage drops, the retarding potential for ions
decreases and ions leaving the hollow cathode. The second
maximum was observed quite often in discharges with a planar
cathode [28, 29]. Near the discharge axis, the first and sec-
ond peaks of ion current overlap (figure 5(a)). The average ion
velocity near the axis is greater than at the periphery. Thus, the
radial plasma distribution outside the hollow cathode changes
during the discharge impulse. The doughnut shape transfers
to central core mode. There is the region with null mag-
netic field at the axis near the exit of the magnetron through
which electrons can pass to the substrate. The transverse
magnetic field at a larger radius in this place prevents most
electrons from escaping.

160
140 30
1 2,5
< 120 20
—° 100+ 15 E
80+ 10 =
60 0,5
40 0,0
201 0,5
04 -1,0
20— 115
0 20 40 60 80 100 120 140 160 180
t, us
2,5 , , , , , , , ,

—

140 us
2,01 \ 4
40%)& °
S

I, mA

) - ) .
A
o ./
ol / ><e ]
[ 4 20 us )
0,51 |
£=10 us//
U b) ]

Figure 5. (a) Dynamics of the ion saturation current at different
radii for z = 12 cm; (b) temporal evolution of radial ion current
distribution. 2.66 Pa, I, = 0.9 A, U,, =40 V.

After the current pulse is switched off (+ = 125 us), the
plasma density decreases exponentially with a time constant
of ~100 us; then, due to the preionization system, the plasma
density remains at a level of 10°~10'° cm ™2 until the beginning
of the next pulse (10 ms).

Figure 6 shows the emission spectrum in the UV and
blue—green spectral regions of the pulsed discharge plasma
measured through the side window at z = 12 cm at 60 us
of the discharge. These spectral regions were chosen because
they contain the lines of neon and carbon ions. The spec-
trum shows strong lines of carbon and neon ions. In particular,
the intensity carbon ion line CT 283.7 nm (energy excitation
E; = 16.33 eV) is comparable to the intensity of neon ions
lines of (E; = 31 eV) and exceeds the intensity of atomic lines
C247.8nm (E, = 7.7 eV). Nevertheless, it should be noted the
discharge color is red, which is due to strong emission of the
neon atom lines with A > 580 nm. The spectral line intensity
J(vj;) in optically thin plasma is:

o0

J(vij) = Kijneng/U'Uf(E)dE, )

Eq

where o is the velocity-dependent cross section for electron
impact excitation, f(E) is the EEDF, v is the electron veloc-
ity, E and E; represent the electron energy and the excitation
threshold.

The lifetime of excited atoms and ions is several 1073 s and
during this time they travel a distance of less than 1 mm. This
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Figure 6. Plasma emission spectra of the HiPIMS discharge at 60 us of the discharge. z = 12 cm, 2.26 Pa, I = 165 A, Iq = 0.9 A, pulse

duration 7 = 125 ps.

means that the radiation of these particles is characteristic for
the plasma at the measurement location.

For spectral line C* 238.7 nm, electrons should have an
energy of E; = 16.33 eV when an excited state is created by
the electron impact from the ground state of carbon ion and
E; + E. = 27.59 eV, if the excitation occurs from the ground
state of carbon atom. For spectral line Ne™ 334.5 nm, elec-
trons should have an energy greater than 30.9 eV. Strong lines
of carbon and neon ions indicate the presence of electrons
with high density and energy downstream the hollow cath-
ode. These measurements confirm the results [23], where the
optical probe detected a steep increase of Ar™ and Cu™ the
emission intensity outside of the HCM.

Figure 7 shows the dynamics of emission of the spectral
lines of neon and carbon atoms and ions measured at a dis-
tance of 12 cm from the cathode. The emission of Ne atom
(352 nm) reaches a peak of 13 us earlier than maximum current
(t =21 us), then falls to a small value due to ionization. Using
optical emission spectrometry VIcek et al [30] see almost an
order of magnitude decrease in the density of atomic argon due
to ionization.

The intensity of the emission of the Net (334 nm) lines
has two peaks. The first peak at ¢ = 20 us corresponds to the

180
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Figure 7. Dynamics of the discharge current /4 and intensities J of
Ne and C atom and ion lines. z = 12 cm. p = 2.66 Pa, I.,, = 0.9 A.

breakdown and well correlates with a drop intensity of neon
atoms. The second peak at 68 s caused by the diffusion of
ions from the cathode.

The emission of C atoms and ions begins with a delay of
several microseconds and reaches a peak of 70 yus.
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Figure 8. The peak intensities of the C* (283.7 nm), C (247.8 nm),
Ne™ (233.5 nm) spectral lines and the electron density . as
function of discharge current. z = 12 cm. p = 2.66 Pa, I, = 0.9 A,
T =125 ps.

The results of probe and spectral measurements presented
in figures 4, 5 and 7 agree well with one another and pro-
vide information on the dynamics of ionization processes in
the pulsed magnetron discharge.

Figure 8 presents the peak intensities J of the CT
(283.7 nm), C (247.8 nm) and Ne™ (333.5 nm) lines as
function of discharge current. The numbers behind brackets
indicate the exponent in a power law. Since these lines are
close to each other, the photomultiplier sensitivity is equal
for them.

The emitted intensity of C atom exceeds intensity of CT
for discharge current less than 100 A, then with increas-
ing current the situation is reversed. The J(CT)/J(C) ratio
increases with decreasing discharge pressure and at 1.33 Pa
the CT (283.7 nm) intensity is about two times higher than C
(247.8 nm) intensity at a current of 160 A. The emitted inten-
sity J(C™T) rises faster than J(Ne™) with increasing discharge
current. This should increase the ratio of carbon ion density to
neon ion density.

The work [31] considers mechanism for the production
of excited atoms and ions of buffer gas and target in a high
density plasma. It was shown that the ion emitted intensity
J(ion) o n2, if main ionization occurs by an electron impact
from the ion ground state and dominant loss is due to diffu-
sion. In our case, this mechanism is similar, since the exponent
is close to 2.

Figure 8 shows also the dependence of the electron den-
sity n. on the discharge current obtained by Langmuir probe
at 70 ps of the discharge at a distance z = 12 cm from
HCM. It can be seen that the plasma density increases lin-
early with the discharge current and at /3 = 160 A reaches
ne = 1.5 x 10'> cm™3. Thus, an increase of electron density
with power rise causes effective ionization of the sputtered
C atoms.

Figure 9(a) shows the axial distributions of the electron den-
sity n. on the discharge axis at 40 us of the discharge, obtained
from the probe /-V characteristic. Note that the discharge cur-
rent is 60 A. Probe measurements are limited to a density of
3 x 10'"2 cm™3 since the large electronic saturation current
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Figure 9. Axial distributions of the electron density 7. (a); floating
Uy, plasma Uy potentials and electron temperature 7' (b) at 40 us of
the discharge. p = 2.66 Pa, I4 = 60 A, Iy =09 A, U,y =40V,

T =125 ps.

exceeds the amplifier output current. Inside the magnetron, the
electron density on the axis decreases sharply, which agrees
with the results of the ion current measurements in figure 4(a).
A similar result was obtained from two-dimensional com-
putational investigation of the HCM at a certain position of
the magnetic cusp [32]. The maximum density (7. > 2 X
10'2 cm™3) was observed at distances of 2 = 3 cm from the
magnetron output. At a distance of 12 cm, it decreases to
0.5 x 102 cm—3,

Figure 9(b) presents the axial distributions of the floating Uy
and plasma U potentials and temperature 7. at 40 us of the
discharge. The plasma potential increases linearly from —5 V
to 410V at the output of the cathode (—2 cm < z < 2 cm). We
see that an electric field of 3.8 V cm ™! exists in this region. This
distribution acts as a potential barrier for ions, which prevents
them from leaving the cathode. At large distances, the plasma
potential changes little. As will be shown later large ionization
of the sputtered C atoms occurs in the region z > 0 cm, where
the plasma density peak is located.

Figure 9(b) also shows the axial distributions of the electron
temperature 7. on the discharge axis at 40 us of the discharge.
The electron temperature decreases with a distance from the
cathode from 9 eV at z = —2 cm to 6 eV at z = 15 cm.
This temperature distribution changes only slightly during the
discharge.

Introducing the probe into the hollow cathode along an
axis does not cause a perturbation of the discharge. The
current and voltage traces do not change. This is true for
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Figure 10. The electron energy distribution f(E) at different
distances along the axis at 40 us of the discharge. The discharge
parameters are the same as in figure 7. U,, =40 V.

0 < R < 2 cm. There are high-frequency pulsations on the
probe /-V characteristics, but their shape has a classical form.
As a result of probe measurements, the axial distributions of
U and U, are obtained, which are similar to that observed in
planar magnetrons.

Disturbances appear when the probe enters the ionization
zone at R > 2 cm. On the ion current, they appear in the form
of low-frequency (T = 20 us) waves.

Figure 10 presents the EEDF f(E) at different distances
from magnetron along the discharge axis. High-energy elec-
trons occupy a large space. The EEDF peak position shifts
from9eVatz=—-2cmto6eV atz =15 cm. The EEDF shows
the presence of electrons with energy up to 32 eV. Thus, there
are a large number of electrons with an energy above 11.3 eV
capable of ionizing a carbon atom on the way from the target
to the substrate.

For the electron impaction ionization, the mean ionization
length \;, of the sputtered atom can be expressed as [12],

Uc

Aiz = o’ 3)

where vc is the velocity of the sputtered carbon atom and k;,
is the rate constant for electron impact ionization which is
expressed as,

ki, = koe Fo/Te, 4)

The constants Ey = 12.6eV and kg =4 x 1078 cm? s~! for
carbon can be found in [12]. Using the Bohm flux formula can
be estimated the ion density near the target:

: T
Je = 0.6en, Me . 5

Ne

Then at 7. = 9 eV we obtain the ion density: n; = 1.5 x
103 em—3.

The probability of a C atom being ionized per unit distance
(in this case 1 cm) at different locations can then be determined
via equation (6) [33].

Py(z=1)=1—exp(—=1/Ap). (6)

The ionization probabilities P;, can be determined using
the measured 7. and n. data. Inside the hollow cathode at
I4 = 160 A, the plasma density is about 10'3 cm~3 near the
cylindrical surface. Discharge could be seen through the win-
dow at the far end of the chamber. Visually, the ionization
zone near the cylindrical surface of the target has a thickness
of about 10 mm. The mean ionization length \;, of the sput-
tered atom is of the order of 3 cm, assuming the most probable
energy of sputtered carbon atoms of 3 eV. Then P;, inside the
hollow cathode is 0.28.

Outside the HCM for n. = 2 x 102 cm™3, T. = 7 eV and
ve =9 x 10* cm s7! lead to P;, = 0.13. Large values of P,
are due to the high electron temperature. The use of Ne sig-
nificantly increases the ionization of sputtered C compared to
standard Ar-HiPIMS discharges, where a low ionization of C
(<5%) was observed [15].

In the HCM discharge with argon process gas the electron
temperature is about 4 eV at pressure of 2.66 Pa. The dis-
charge voltage reaches a stationary value of 500 V, which is
independent of the initial applied voltage. The discharge volt-
age in argon is higher than the voltage in the discharge on
neon, which can be explained by a higher coefficient of sec-
ondary electrons by neon ions [34]. The intensity of the C*
(283.7 nm) is weakly distinguishable from noise at a pres-
sure of 2.66 Pa and is noticeably manifested at a pressure of
less than 1.33 Pa.

The plasma parameters are greatly exposed to the voltage
at the anode ring U,,. Anode ring with an i.d. of 150 mm
is made of a copper tube with a diameter of 8 mm. Mea-
surements with a radial and axial probe showed that the
plasma density increases throughout the volume when Uy,
on. The discharge current increases and the discharge volt-
age decreases by 20—30 V. The plasma and floating potentials
also increase with growing U,,. Figure 11 shows the typical
current—voltage characteristics of the probe at different volt-
ages U,, on the anode ring at the same discharge currents and
voltages. The plasma potential increases from —11 V to 8 V
when the voltage U,, rises from 0 to 60 V. In addition, high-
frequency pulsations appear on the probe characteristics with
increasing Uay.

The cause of all of these events is to increase the elec-
tron temperature. Two phenomena are usually considered for
an increase in the electron temperature: acceleration of sec-
ondary electrons in cathode sheath and Ohmic heating out-
side the cathode sheath. Due to the above-mentioned both of
these methods do not work. The electron temperature increases
due to instabilities. The electron route changes when a posi-
tive voltage is applied to the anode ring. In this case, most of
them must move across the magnetic lines. Anomalous diffu-
sion of electron is required to maintain a high current. Cross-
field transport caused by collective phenomena such as plasma
fluctuations and instabilities.
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Figure 11. Typical probe current—voltage characteristic.

These instabilities increase the electron temperature by
1-2 V. As a result, the plasma density and the intensity of
carbon ion lines also increase.

Carbon is the material with low sputtering yield and high
ionization threshold. Figure 3(a) shows a linear increase in the
current peak with growing applied voltage. This picture differs
sharply from the current waveforms for a C target given by
Anders et al for discharge in Ar with a C planar cathode, where
the current jumped abruptly by a factor of 30 when the voltage
was increased from 1100 V to 1150 V [35]. According to their
assumption the only process that can explain the high current
intensities in the discharge with the low self-sputtering yield
materials is recycling of the process gas [36]. This model was
further developed in the works [37, 38].

According to the generalized recycling model the discharge
current consists of three parts:

Iy = I = Iprim + Igas—recycle + ISS, (7)

where the primary current Iy is defined by those atoms of
the process gas, which are ionized for the first time, and then
go to the target.

I recycle 18 produced by the flux of neutralized primary ions
reflected from the target, which again ionize and participate in
the creation of a discharge current.

Iss stems the self-sputter recycling current of target atoms.

Anders et al was pointed out that I, has an upper limit
I it corresponding to the case where all incoming atoms from
the surrounding gas reservoir are ionized and drawn to the tar-
get. The current density j. of background gas for a given
conditions is determined by [36]:

) 1/2
e = e ———— X pre = 1.1pne(A em™2)
Jerit ( TN kB TNe ) DN DN , (8)

where mne, pne (Pa), Tne = 300 K are the mass, pressure and
temperature of the Ne gas respectively, e is the electron charge
and kp is the Bolzmann constant. Then for pressure p = 2.66 Pa

we get jie = 2.9 A cm™2 which is more than j; = 1.1 A cm™
in our discharge. Taking the racetrack area Sgy = 150 cm? this
gives the peak current that can be sustained solely by ionizing
the available gas atoms:

Iq = I + Isg ~ 1.1 = 239 A, (9)

where Igg is the current of secondary electrons.

Thus, the discharge was operated with no or little gas
recycling.

Our experiments showed that the discharge works for hours
without micro-arcing at pressures p > 2.26 Pa, currents /4 <
170 A and pulse duration 7 < 125 ps.

Rare micro-arc formation occurs at a pressure p < 1.86 Pa,
I4 >160 A and a discharge duration of more than 130 us. But
even then, a transition to runaway mode was not observed.

For comparison, we studied the HiIPIMS discharge in neon
with a planar carbon cathode. The cathode diameter is 90 mm.
Preliminary measurements showed that at a distance of 9 cm,
the plasma density is 10 times less compared to the HCM
under the same pressure and power. The electron temperature
is about 4 eV. The intensity of the CT (283.7 nm) line is also
much lower.

The results presented above show that, in the HCM oper-
ating in pulsed mode, there are regions with a high elec-
tron temperature and densities of neon and carbon ions
outside the hollow cathode. The ionization probability of ther-
malized carbon atoms is quite high under such conditions.
The HCM allows to achieve a high density of carbon ions
at current densities on the target below the critical, causing
no occurrence of micro-arcs. An increase of the carbon ion
fraction provides a possibility to improve the resulting DLC
film properties.

4. Conclusion

In this work, we studied the properties of a Ne-HiPIMS dis-
charge produced by a HCM with a graphite target. Using
probe measurements, the plasma parameters inside and out-
side a HCM with average discharge power up to 490 W
and pressure of 2.26 Pa have been determined. The peak
plasma density on the discharge axis is located at a distance of
2-3 cm outside the magnetron. The electron density reaches
6 x 10'> cm~ at distances of 2 cm and decreases to 1.5 x
10" cm~2 at 12 cm at a power of 490 W. The electron tem-
perature is 6 eV at a distance of 12 cm and increases to
9 eV inside the cathode. The high temperature and density
of electrons in a large volume outside the hollow cathode
increase the ionization probability of carbon atoms on their
way from the target to the substrate. The optical emission
spectroscopy at a distance of 12 cm from magnetron shows
strong increase of the intensity ratio from C* ion and C neu-
tral lines with the power. These measurements indicated large
downstream ionization of sputtered copper atoms. The HCM
showed that high currents and accordingly plasma densities
can be achieved at low (400-500 V) discharge voltages. The
probability of micro-arcs at the target decreases sharply at such
voltages.
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