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The discharge characteristics of a new combined low energy magnetron-ion-source sputtering system are present-
ed. The ignition curves, current-voltage characteristics of the system in dependence on gas pressure, magnitude and
topology of magnetic field have been researched both for autonomous operation of the planar magnetron discharge
and Hall type ion source in plasma mode and for their combination. Spatial distributions of ion current are also pre-

sented.
PACS: 52.77.-j, 81.15.-z

INTRODUCTION

lon assisted deposition of thin-film coatings is a prov-
en technology providing improved coating properties
with the possibility of control of phase composition,
hardness, internal stress, etc. [1-5]. It is known that the
energy flux to the growing film surface is one of the key
factors governing the coating properties. The energy
deposition due to ion bombardment is defined by prod-
uct of ion energy and current density, and experiments
show that the coating properties depend on the both
factors independently [5]. Further research in this direc-
tion is of great interest, but the experiments require a
tool allowing regulation of ion energy and current densi-
ty independently from the deposition rate. An additional
problem appears when the coating material is insulating,
so the ion energy control by the sample biasing is im-
possible.

In response to this challenge different systems were
used combining magnetron sputtering with separate
plasma and ion sources [6-8]. The next step in this di-
rection is the development of combined system joining
the sources of deposited atoms and assisting ions in a
single device. Such a combined magnetron-ion-source
sputtering system (MISSS) was described in [9, 10].
The system combines a magnetron and a Hall type ion
source possessing common magnetic system. This al-
lows to adjust the ion bombardment of the growing film
controlling independently ion current density within the
range of 0.1..10 mA/cm? and average ion energy
(300...1000 eV). MISSS provides deposition rate up to
3 nm/s at the gas pressure 0.5...10 mTorr.

Despite the proven efficiency of the mentioned de-
vice, not all of its parameters are optimal. Particularly,
ion beam energy is too high for ion assistance of the
film deposition, and the ion flow to the surface is signif-
icantly inhomogeneous.

In the present paper a new version of MISSS is pre-
sented and characterized, which allows to avoid the
mentioned drawbacks preserving all the positive fea-
tures. The system combines a magnetron with an End-
Hall ion source providing ion current density of
0.1...5 mA/cm? and average ion energy of 30...300 eV.
This energy range is most effective just for the film
growth control without significant sputtering. Similarly
to [8] this device uses the magnetron for deposition and
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the End-Hall ion source for ion assistance, but in con-
trast, our system is axially symmetrical providing high
homogeneity of processing.

1. EXPERIMENTAL SETUP

The schematic diagram of the new version of com-
bined ion source- magnetron sputtering system with
diagnostic equipment is presented in Fig. 1. The system
consists of a conical end-Hall ion source (IS) [8] and a
planar magnetron integrated into a joint structure. In
comparison with the device presented in [9, 10] the key
novelty is the widening the gap between the cathodes of
the ion source to 15 mm. This has allowed to optimize
the plasma mode of the Hall-type ion source.
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Fig. 1. Schematic diagram of experimental set-up:
1 — vacuum chamber; 2 — water cooled sample holder;
3 —flat probe for ion current density measurement;

4 —solenoid; 5 — anode of ion source; 6 — magnetron;
7 — magnetron target; 8 — magnetic force lines

The magnetron body 6 of 76 mm diameter and 45 mm
in length is made of soft magnetic steel and is mounted
on a dielectric flange in the center of the ion source.
Permanent magnets with surface magnetic field strength
of up to 3.5 kOe, are located on the axis of the system
inside the magnetron body, which is cooled by water. A
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target 7 of 76 mm diameter is mounted on the magnetron
body with a vacuum seal.

Both the IS and the magnetron possess the common
magnetic system. Using the solenoid 4, it is possible to
change the configuration of the magnetic field lines
(MFL) in the magnetron, and to realize balanced or un-
balanced magnetron types. The MFL topologies at vari-
ous solenoid currents are given in [9].

The experimental setup was built for MISSS charac-
terization and coating deposition experiments (including
conductive and dielectric coatings) by magnetron sput-
tering with variable ion bombardment in wide range of
ion energy (10..300eV) and current density
(0...5 mA/cm?). The vacuum chamber 1 with dimensions
of 240x240x120 mm was pumped by a turbomolecular
pump with throughput of 700 I/s to the base pressure
below 1-10° Torr,

To avoid quick transparency loss by viewports due to
coating deposition a stainless steel magnetron target and
air as a working gas were used to measure the discharge
characteristics of MISSS and the parameters of charged
particle fluxes.

The flat conductive electrode 2 with diameter of
140 mm located at 100 mm distance from the magne-
tron target is used for sample holding and ion beam
monitoring. Radial distributions of ion current density
were measured moving 5x5 mm planar probe radially
along the sample holder surface.

During the investigation of integral characteristics of
the MISSS, the following parameters were monitored:

I — solenoid current (0...4 A);

I4 — anode current of the ions source (0...400 mA);

I, — magnetron target current (0...1 A);

I, —ion current to the sample holder 2;

I, —ion current to the flat probe 3;

Uy — ion source anode voltage (0...2 keV);

U, — magnetron target voltage (0...1 keV).

The ion source anode voltage is positive while the
magnetron voltage is negative, but in the present paper
we use the absolute values of the both voltages.

2. EXPERIMENTAL RESULTS

The first part of the present paper describes the au-
tonomous operation of the ion source and the magnetron
discharge, as well as their main characteristics in de-
pendence on the parameters of the system while using
separate power supplies. The next part investigates their
mutual influence and the ion flow to the treated surface.

The dependences of the discharge voltage U, dis-
charge current Iy of the IS and sample table current I; on
the pressure in the chamber are presented in Fig. 2.

The figure shows that when the gas pressure in the
discharge gap  reaches the  critical  value
p =0.6...1 mTorr the discharge transits from accelera-
tion (high-voltage) mode to plasma (high-current)
mode. In contrast to similar characteristics of the ion
source with a discharge gap of 5 mm presented in
[9, 10] the transition from acceleration mode to plasma
mode has shifted to a lower pressure region (previously
it was 3...4 mTorr), as well as the influence of the work-
ing gas feeding through different channels has also dis-
appeared.
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Fig. 2. The dependences of the discharge voltage U,
discharge current I, of the IS and target current I; on
the pressure in the working chamber. I;=2 A

The ignition curves of discharge in the ion source are
typical and presented in [9]. Ignition curves of the mag-
netron discharge for different solenoid currents are pre-
sented in Fig. 3.
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Fig. 3. Ignition curves of discharge in the ion source at
different Argon pressures

At I < 0.75A the unbalanced magnetron of the first
type is realized, when a significant part of the MFL
starting from the target terminate at the walls of the
vacuum chamber.

At0.75 A< 1l3< 1.25 A, when almost all MFL starting
from the center of the target terminates at the target the
balanced magnetron mode takes place.

At Iy > 1.25 A the unbalanced magnetron discharge of
the second type appears, when the peripheral MFL are
terminated at the sample holder that focuses the electron
flow.

As it can be seen from the figure, the deviation of the
MFL topology from the balanced magnetron
(I;=0.75A) leads to significant increase in the mini-
mum pressure of magnetron discharge existence. The
region of magnetron discharge existence and the plasma
regime of the ion source overlap in terms of the working
gas pressure and the magnetic field strength at
p > 1 mTorr and H > 300 Oe.

Fig. 4 shows the current-voltage characteristics (CVC)
of the ion source in plasma mode at p = 2-:10° Torr.
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Fig. 4. CVC of ion source in plasma mode. Air pressure
p =210 Torr

The figure also presents the dependence of the ion
current to the sample table I, and the floating potential
of the probe U,. As follows from the given graphs, the
ion current to the table is linear and amounts to
(0.2...0.25) lg4, depending on the pressure, while the
floating potential grows monotonically with Iy increase
and reaches a value of about ' of anode voltage U.

Dependencies of the discharge voltage U, sample ta-
ble current I; (the table is biased to -100 V), and the
probe floating potential U, on the magnetron discharge
current lq are presented in Fig. 5.
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Fig. 5. CVC, substrate table current I; (biased to -100
V), and floating potential vs. the magnetron current Ig.
Argon pressure p = 210 Torr

One can see from the figure that the shape of current-
voltage characteristic of the magnetron discharge is sim-
ilar to CVC of the IS in the plasma mode (see Fig. 4).
The ion current to the substrate holder also increases
linearly with the magnetron discharge current increase.
However, the floating potential of the probe in the
plasma near the sample holder is negative with voltage
near 15...20 V.

The MFL configuration is determined by the ratio be-
tween the solenoid magnetic field strength and the field
of central permanent magnet. As our experiments have
shown, with the change of MFL topology the main
characteristics of the magnetron discharge are substan-
tially changed, particularly the existence region of the
discharge over the gas pressure (see Fig. 3) and CVC.
The dependences of IS parameters U, Uy, I on the sole-
noid current I are presented in Fig. 6.
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Fig. 6. Dependences of IS parameters U, U, | on the
solenoid current I,. Air pressure p = 1.5 mTorr

As it follows from the graphs shown in Fig. 6, the
minimum discharge voltage is about 450 V, and the
plasma potential drop in the anode region (U - Up) =
200V are observed in the range I ~ 1..1.5 A. This
range corresponds to the minimum energy of ions bom-
barding the growing film surface.

Fig. 7 shows the radial ion current density distribu-
tions to a flat probe j;(R) at various distances from the
ion source operating in plasma mode.
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Fig. 7. Radial distributions of ion current density ji(R)
in the plasma mode of IS at different distances from IS

These data indicate that two regions of gas ionization
are present in the plasma mode: 1) the anode region
where the ion beam converging to the substrate holder is
formed; 2) secondary plasma occupying the entire vol-
ume of the working chamber.

The ions generated in the secondary plasma do not
have directional movement and bombard the entire sur-
face bounding the plasma, including the substrate holder
and sidewalls of the chamber.

For comparison, Fig. 8 shows radial distribution of
ji(R) at the distance of 120 mm from the ion source in
acceleration mode (p = 0.6 mTorr) and plasma mode
(p = 1.5 mTorr) for IS version with the cathode gap of
5 mm, presented in [9].
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Fig. 8. Radial distribution of ion current density in the
acceleration and plasma modes of ion source, presented

in [9]
1, (mA)
0 200 400
=~ magnetron only [—=|={ magnetron & IS
800} ~ - - 1200
S ¢ o 1z
= _ g
40f e d100 =
u, -
|
0 0
o2 —
”
Z 0 .
2 ol T |- i
1 1

0 200 400 600
I (mA)

Fig. 9. Combined CVC of the system, ion current I, to
the substrate holder, and floating
potential U, vs. I, and Iy

Separate operation of the magnetron and the ion
source is described above. However, this information is
not sufficient for understanding the peculiarities of sim-
ultaneous operation of them. The both discharges have
common element, namely, the secondary plasma appear-
ing in the volume between MISSS and substrate holder.
Experiments show that the discharges experience signif-
icant mutual influence. Nevertheless, we can derive
some regularities characterizing the joint operation of
the both devices.

Combined CVC of the system is presented in Fig. 9.
It was measured in the following sequence. First CVC
of the magnetron discharge was measured in the range
I, = 0...600 mA, while the ion source operated at mini-
mum discharge current 14 = 10 mA. Then, at constant
magnetron current I, = 600 mA the IS current 14 was
increased to 400 mA. The ion current I, to the substrate
table (biased at -100 V) and floating potential of the
probe Uy, are shown in the same graph.

The most interesting in the presented results is the
fact that the ion current from the source is able to com-
pensate (and even overcompensate) the electron flux
from the magnetron discharge, that is proven by the
change in the floating potential from -20 to +20 V. This
feature is of great importance for dielectric films deposi-
tion allowing control of the dielectric surface potential
and energy of bombarding ions.
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Fig. 10. Images of MISSS during the simultaneous op-
eration of the magnetron discharge and the ion source
in acceleration (a) and plasma (b) modes

The flux of low-energy ions onto the substrate holder
generated in the magnetron discharge plasma linearly
depend on the magnetron current, while the flux of
high-energy ions from the near-anode region of IS is
proportional to the anode current. It is important that
during the joint operation the currents are summed (see
Fig. 9), and may be controlled independently in a wide
range (0...0.3 A).

Fig. 10 shows images of the MISSS during the simul-
taneous operation of the magnetron discharge and the
ion source in acceleration (a) and plasma (b) modes.

CONCLUSIONS

The main result of this work is the demonstration of
the fundamental possibility of combining a planar mag-
netron discharge and a low-energy Hall-type ion source
into the joint discharge device. In terms of electrode
configuration and MFL topology, the system may be
considered as a magnetically isolated triode. Conducted
research of discharge characteristics of the combined
system have shown that the main regions of active ioni-
zation of the working gas are the following.

e Cathode region of the magnetron discharge. The
ion flow sputtering the magnetron target as well as the
electron flow to the substrate holder are generated in
this region.
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e Anode region of the ion source. It is located near
the magnetically insulated anode of IS. A significant
part of the electrons in this region drifts from the sec-
ondary plasma across the magnetic field towards the
anode ionizing the gas intensively. The created ions
form a conical ion beam converging to the substrate
holder. They possess higher energy than plasma ions.

e Secondary plasma. It is located in the space be-
tween the substrate holder and the magnetron target. In
this region a flow of low-energy ions is generated.

Investigation of the discharge characteristics during
simultaneous operation of magnetron and ion source has
shown a number of positive features of this approach:

1. The activation by the ion source (even with a
small discharge current of about 10 mA) leads to a sig-
nificant (1.5...2 fold) decrease in the minimum pressure
of the magnetron discharge existence.

2. The presence of the ion beam leads to decrease in
the magnetron discharge voltage by 50...100 V and sta-
bilizes its operation at a gas pressure less than 107 Torr.

3. The unique feature of the system is that it gener-
ates the bipolar flow of ions and electrons towards the
treated surface with the ability to regulate their ratio
over a wide range. In particular, the generation of a qua-
si-neutral flux is possible, enabling dielectric film depo-
sition with high-energy ion bombardment using direct
current.

At the same time, the design of the MISSS allows us-
ing a common power supply for the ion source and
magnetron discharge. In this case, the MISSS represents
a magnetically isolated triode discharge with a floating
electrode, which is the subject of further research.
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PA3PSITHBIE XAPAKTEPUCTUKYA KOMBUHUPOBAHHOM HU3KOOHEPTETUYHOM
HOHHO-TYYEBOM MATHETPOHHOM PACHBLIUTEJIbHONH CUCTEMbI

A. 3vikoe, H. Egpumenko, C. [youn, C. Axoeun

[IpoBeneHBI MCCIENOBAaHUS PA3PSIHBIX XaPAKTEPHCTHK HOBOM KOMOWHUPOBAHHOW HU3KOIHEPTETHYHON HOHHO-
JMy4eBOH MarHeTPOHHOHN pacCHIBUINTEIFHONH CHCTEMBI C YICNBHBIMHU IMapaMeTpaMH, OTBEYAOIIUMH TpPeOOBAHMIM
MPOMBIIIJICHHOTO TTPOU3BOJICTBA. VIcCcreToOBaHbI KPUBBIC 3a)KUTaHUS, Pa3PsIHBIC XapaKTePUCTUKH B 3aBUCHMOCTHU OT
JTaBJICHUS pabovero rasza, BEIMYWHEI U TOMOJOTHMH MarHUTHOTO TIOJIS KaK MPH aBTOHOMHOW, TaK M TIPH COBMECTHOM
paboTe MmIaHAPHOTO MArHETPOHHOTO pa3psaa W UCTOYHHKA MOHOB XOJUIOBCKOTO THIIA B TUIA3MEHHOM pexume. Mc-
cJIeI0BaHbl MPOCTPAHCTBEHHBIE XapaKTEPUCTUKH TOTOKOB HOHOB.

PO3PSIJTHI XAPAKTEPUCTUKU KOMBIHOBAHOI HU3bKOEHEPTETUYHOI
IOHHO-IIPOMEHEBOI MATHETPOHHOI PO3ITIOPOIIYBAJILHOI CUCTEMU

0. 3uxos, H. €Epumenxo, C. [yoin, C. Akosin

[IpoBeneHo mOCHIPKEHHS PO3PSITHUX XapaKTEPUCTHK HOBOI KOMOIHOBAaHOT HHU3BKOEHEPreTHYHOI 10HHO-
MPOMEHEBOI MarHeTPOHHOI PO3MOPOLTYBaJIbHOI CHCTEMU 3 MUTOMUMHM TIapaMeTpaMy, SIKi BiJIOBIIAIOTh MPOMHUCIIO-
BOMY BHPOOHHUITBY. JlOCIi/KEHO KPHBI 3amaioBaHHA, PO3PSIHI XapaKTEPUCTUKHU B 3aJIC)KHOCTI Bil THCKY poboUo-
TO Ta3y, BEJIMYMHM Ta TOIOJIOTIi MarHiTHOTO TIOJIS SIK IIPH aBTOHOMHIH, TaK i IpH CyMiCHii poOOTi IsIaHapHOTO Mar-
HETPOHHOTO PO3pSAY Ta JUKEpeda iOHIB XOJUIIBCHKOTO THIy Y IUIa3MOBOMY pexumi. JlocmimkeHi HMpocTopoBi
PO3IIOALIH ITOTOKIB 10HIB.
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