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This paper presents the design and operating principle of a newly developed
dual-mode pulsed plasma source capable of operating either as a pulsed vac-
uum-arc plasma source or as a pulsed magnetron sputtering system. Switch-
ing between the two operating modes is achieved by changing the magnetic-
field configuration within the plasma source, modifying the activation se-
quence of the trigger plasma injectors and the energy supplied to the trigger
discharges, as well as adjusting the voltages applied to the main electrodes of
the source. The proposed technical solution simplifies significantly the de-
sign of ion-plasma deposition systems intended for hybrid (combined) coating
technologies. Experimental evaluation of the dual-mode pulsed plasma
source in a hybrid coating-deposition process, in which the vacuum-arc mode
is employed during the initial ion-cleaning stage and the magnetron mode
during the subsequent coating-deposition stage, demonstrates that the de-
posited coatings exhibit high adhesion to the substrate and are free of cath-
ode-material microdroplets, indicating the high quality of the deposited coat-
ings.

Key words: vacuum-arc discharge, magnetron sputtering system, magnetic-
field configuration, trigger injector, hybrid coating-deposition technologies.
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posmopoIiyBaibHa cucreMa. Ilepexin Mixk pexumMamMu po0oTH 3a0e3IIeUyeThCs
3MiHOI0 KOH@irypamii MarseTHOro noJjs y po6odomy 06 €Mi IIJIa3MOBOIO JsKe-
pesa, 3MiHOIO HOCJIiJOBHOCTH CIIPAIlbOBYBAHHA IIYCKOBUX ILIA3MOBUX 1HIKEK-
TOPiB Ta eHeprii, 110 BKJIaIa€ThCA B ITyCKOBI PO3PAM, a TAKOMK 3MiHOIO HATIPYT
SKUBJIEHHS, K1 IIOJaI0OThCA Ha OCHOBHI €JIEKTPOAU AKepesa. 3alpoIOHOBaHE
TeXHiuHe pillleHHs 3HAYHOIO MipOIO CIIPOIIYyE KOHCTPYKIIiI0 HOHHO-IIJIa3MOBUX
YCTaHOBOK, IPUBHAUYEHUX AJA peasisalrii ribpuaHux (KOMOiHOBAHMX) TEXHO-
JIOTi#i HaHeCeHHs IOKPUTTIB pisHOro mpusHaveHHA. IIpaKTUuHi BUIIPOOyBaH-
HA JBOPEKMMHOTO iMIIYJILCHOTO IIJIa3MOBOTO JKepesia B ribpuaHiil TeXHOoJIoril
HaHeCeHHA IIOKPUTTIB, 3a AKOIO HA IepIIoMy eTalri (HoOHHe OYUIIeHHs) BUKO-
PUCTOBYBAaBCA BaKYyMHO-IYTOBUU PEIXUM POOOTH, a Ha APYroMy erami (6e3mo-
cepenHe HAHECEHHS MMOKPUTTS) — MAaTrHETPOHHUU PEKUM, TOKA3aau, 1o cGo-
PMOBaHi MOKPUTTA XapaKTEepU3YIOThCA BUCOKOIO a[re3ie€i0 IO OCHOBH Ta He
MiCTATh MiKPOUACTMHOK MATEPifAay KaToau, IO CBiIUUTH IIPO IXHIO BHUCOKY
AKiCTB.

Karouori cioBa: BaKyyMHO-IYTOBUM PO3PSAN, MarHETPOHA PO3IOPOINyBabHA
cucrteMa, KOH(QIirypaiia MarHeTHOTO IIOJIA, MYCKOBUH iHIKEKTOp, TiOpupHi
TeXHOJIOTII oflep:KaHHA IOKPUTTIiB.
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1.INTRODUCTION

Among the most widely used PVD methods for producing coatings of
various purposes are the vacuum-arc method (arc-PVD) [1, 2] and the
method employing magnetron sputtering systems (mss-PVD) [3, 4].
Both methods belong to ion-plasma technologies, and each of them pos-
sesses specific advantages and disadvantages. The principal devices
used for coating deposition by ion-plasma methods are technological
vacuum-arc plasma sources (arc evaporators) in vacuum-arc systems
and magnetron sputtering systems (magnetrons) in magnetron-based
technologies.

In recent years, so-called hybrid (combined) methods [5—8] have in-
creasingly been employed in ion-plasma systems to obtain coatings of
the highest quality. Such methods involve the application of several
different surface treatment techniques within a single technological
process, utilizing the most advantageous features of each method.

The main advantages of the vacuum-arc coating-deposition method
are the high adhesion of the deposited surface layer to the substrate
and the high processing productivity. Its principal disadvantage is the
presence of microparticles of cathode material within the deposited
coatings, typically in the form of microdroplets with sizes > 2 um,
which is inherent to the physical nature of vacuum-arc discharges [9—
11]. The use of plasma filters [12] makes it possible to reduce the num-
ber of microparticles reaching the treated surface; however, this ap-
proach does not eliminate completely the problem.
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Coatings deposited by the magnetron method do not contain cath-
ode-material microparticles that ensures their structural uniformity.
However, their adhesion to the substrate and the productivity of the
process are lower than those in the vacuum-arc method. This is due to
the lower degree of ionization of atoms sputtered from the cathode
target and the lower main discharge currents compared with the vac-
uum-arc method.

At present, the implementation of hybrid coating-deposition meth-
ods combining vacuum-arc and magnetron techniques within a single
technological process requires ion-plasma systems equipped with at
least one technological vacuum-arc plasma source and one magnetron
sputtering system. Such an expansion of functional capabilities can be
realized, for example, in ‘Bulat’ systems by installing a magnetron on
the vacuum chamber. The development of systems for hybrid PVD
processes based on the ‘domino’ principle is described in [13].

Improvement in coating quality achieved by the hybrid method com-
bining vacuum-arc and magnetron technologies is realized as follows.
During the first stage (ion cleaning), a vacuum-arc plasma source is
employed simultaneously with the application of a high negative po-
tential to the products. This ensures high coating adhesion to the sub-
strate and heats the products to the required temperature, thereby im-
proving the conditions for coating formation. After completion of ion
cleaning, the second stage begins, during which the voltage applied to
the substrate holder is reduced, the magnetron sputtering system is
activated, and the coating is deposited by a flux of sputtered particles
free from cathode material microparticles.

A significant disadvantage of such a combined method is the in-
creased complexity of the equipment required for its implementation,
since the coating-deposition system must incorporate two different
types of particle sources responsible for coating formation.

The aim of this work is to develop the design of a pulsed plasma
source capable of operating, depending on the selected mode, either as
a pulsed vacuum-arc plasma source or as a magnetron sputtering sys-
tem.

2. DESIGN OF THE DUAL-MODE PULSED PLASMA SOURCE

2.1 Basic Requirements for the Design of the Dual-Mode Pulsed
Plasma Source

During the development of the dual-mode pulsed plasma source design,
it was necessary to satisfy a number of requirements that would enable
the plasma source to generate a plasma flux, while operating in two
modes: either vacuum-arc discharge mode or magnetron discharge
mode.
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The principal requirements for vacuum-arc evaporators operating in
a steady-state mode are presented in Refs. [1, 2]. When a vacuum-arc
source operates in a pulsed mode, an additional requirement arises,
namely, ensuring uniform cathode wearing.

As regards pulsed magnetron sputtering systems [3, 4], the operat-
ing requirements largely coincide with those for vacuum-arc plasma
sources. The major difference between these types of plasma sources
lies in the different magnetic field configurations required for their
operation, as well as in the voltages that must be applied to the main
electrodes of the devices and the operating modes of the trigger plasma
injectors.

Thus, by creating conditions under which both vacuum-arc and
magnetron discharges can be sustained sequentially within a single
device through variation of the magnetic field configuration and other
parameters, the implementation of the hybrid method can be signifi-
cantly simplified.

2.2 Design of the Pulsed Plasma Source

The design of the dual-mode pulsed plasma source, which satisfies the
requirements for operation in the mode of a pulsed vacuum-arc plasma
source and, upon modification of the magnetic-field configuration and
the operating mode of the trigger plasma injectors, provides transition
to the mode of a pulsed magnetron sputtering system, is shown in Fig.
1.

The pulsed plasma source consists of an anode 1, at one end of which
a consumable disc cathode 2 with an electromagnet 3 is coaxially
mounted, while at the opposite end a substrate holder 4 with the
treated products 5 is installed. By means of flange 6 and insulating
gasket 7, the cathode is vacuum-tightly connected to the anode. The
anode is surrounded by electromagnet 8 (the power supplies of elec-
tromagnets 3 and 8 are not shown in Fig. 1). The trigger plasma injec-
tors TI,—TI,, are installed within the anode body near cathode 2.

Each trigger plasma injector consists of an igniting electrode 9 (IE)
and a cathode electrode 10 (CE), both made in the form of rectangular
cross-section rods and placed inside a ceramic housing 11. The housing
of each trigger plasma injector is vacuum-tightly integrated into the
anode. The pulsed power supply unit PPS, of the main discharge be-
tween the anode and cathode includes a storage capacitor C, connected
to the main power supply MPS,, and a switching element S,, the con-
trol terminal of which is connected to the control unit CU. The trigger
plasma injectors TI,—TI,, are powered by pulsed power supply units
PPS,—PPS,, (the units PPS,—PPS,, and their connections to the arc
power supply APS and the magnetron power supply MPS are shown
schematically in Fig. 1).
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Fig. 1. Schematic diagram of the dual-mode pulsed plasma source and its
power supply system: I is anode, 2 is cathode, 3 is solenoid, 4 is substrate
holder, 5 are products, 6 is flange, 7 is insulator, 8 is solenoid, 9, 10 are elec-
trodes of the trigger plasma injector, 11 is ceramic housing of the injector,
TI,—TI,, are trigger plasma injectors, PPS, is pulsed power unit for the main
discharge between the anode and cathode, PPS,—PPS,, are pulsed power units
for the trigger plasma injectors (shown schematically), MPS,, APS, and MPS
are power supplies, CU is control unit, CE is cathode electrode of the trigger
plasma injector.

2.3 Features of the Components and Units of the Dual-Mode Pulsed
Plasma Source

Unlike the plasma injectors used in vacuum-arc plasma sources for arc
excitation, which typically have a cylindrical shape [13], the developed
dual-mode pulsed plasma source employs trigger injectors of rectangu-
lar shape, as shown in Fig. 2.

In this case, the electrodes of the trigger injector have a rod-shaped
configuration and are fabricated from the same material as the cath-
ode. The increased cross-sectional area of the cathode electrode of the
injector, compared with that of the igniting electrode, is explained by
the formation of a cathode spot of the trigger discharge on its surface
[14], which results in more intensive wearing compared with the ignit-
ing electrode. Such design solutions ensure the absence of impurities
in the plasma generated by the dual-mode pulsed plasma source and
provide a long service life of the main discharge ignition system.

During the fabrication of the trigger injector, electrodes were vac-
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Fig. 3. Electrical circuit diagram of the trigger plasma-injector power supply
unit.

uum-tight mounted into a housing made of 22KhS ceramic using so-
dium silicate (Na,SiO;9H,0), following the procedure described in
[15]. The trigger injectors were likewise vacuum-tight mounted into
the anode, using the same technological procedure.

Each operating mode of the pulsed plasma source requires the corre-
sponding operation of the trigger injectors, which ensure reliable exci-
tation of either the vacuum-arc discharge or the magnetron discharge
between the anode and cathode of the device. The operating mode of
the trigger injectors is determined by the control unit CU, which regu-
lates the operation of the plasma injector power supply units PPS;—
PPS,,. The electrical circuit employed in the design of the trigger
plasma injector power supply units is shown in Fig. 3.

3. OPERATING PRINCIPLES OF THE DUAL-MODE PULSED
PLASMA SOURCE

After the preliminary surface preparation, the products 5 are mounted
on the substrate holder 4. The vacuum chamber (not shown in Fig. 1) is
then sealed and evacuated to a pressure of approximately 10 Pa. Sub-
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sequently, the pulsed plasma source power supply system is activated.
This includes the power supplies MPS,, APS, and MPS, which charge
the capacitors C,, C,, and C,, located in the pulsed units PPS, and
PPS,—PPS,,, respectively. In the present study, the capacitances of C,,
C,, and C,, were of 100.0 pF, 40.0 puF, and 2.0 pF, respectively. These
capacitors were charged to the following voltages: 800 V for C,, 500 V
for C,, and 700V for C,,.

The coating-deposition process subsequently begins with the ion-
cleaning stage, during which the pulsed plasma source operates in the
vacuum-arc mode. Upon receiving a command from the control unit
CU, the power supplies of electromagnets 3 and 8 are energized,
thereby, generating a combined and co-ordinated magnetic field.

The pulsed vacuum arc is ignited by means of trigger plasma injec-
tors T1,—TI,,. A triggering voltage is applied to the igniting electrode
9 (IE) of each injector from the pulsed units PPS,—PPS,, (supplied by
capacitors C,; Fig. 3) through the switching elements S, (TB161-80-12
thyristors), which are controlled by the CU (Fig. 1).

The cathode electrodes 10 (CE) of the trigger plasma injectors T1,—
TI,, are permanently connected to the second terminals of capacitors
C, and C,,. Application of the triggering voltage to a plasma injector
initiates a surface discharge along the dielectric separating its elec-
trodes. As a result, a cathode spot is formed on the cathode electrode of
the injector, generating a plasma plume in the vicinity of the working
surface of cathode 2. Simultaneously, upon activation of the switching
elements S,, the control unit also switches on the main switching ele-
ment S, (TB2-160-10 thyristor). Consequently, a voltage is established
between anode I and cathode 2. In the presence of the plasma plume
near the cathode surface, this voltage initiates a pulsed vacuum-arc
discharge between the anode 1 and cathode 2 of the device.

The pulse repetition frequency of the vacuum-arc discharge was of
800 Hz, while the peak arc current reached 450 A. To increase the ser-
vice life of the arc ignition system and to ensure uniform wearing of
the cathode 2, the trigger plasma injectors were activated sequentially
in a cyclic manner according to the algorithm implemented in the con-
trol unit. The energy supplied to each trigger discharge was of 5 J.

The cathode spots generated by the pulsed arc discharge transform
the cathode material into a plasma state. The resulting cathode-
material ions are accelerated by the bias voltage applied to the substrate
holder 4 and the products 5 during this stage (the bias voltage was of
1000 V) and bombard the product surfaces, thereby providing simulta-
neous surface cleaning and heating. This process continues until the
products 5 are heated to the required temperature (of approximately
500°C for P6M5 high-speed steel) and their surfaces become suffi-
ciently cleaned and activated for the deposition of high-quality coat-
ings. Once these conditions are achieved, the ion-cleaning stage is ter-
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minated, and the process proceeds to the coating-deposition stage.

The coating-deposition process was carried out with the pulsed
plasma source operating in the magnetron discharge mode. To switch to
this operating mode, the power supplies of electromagnets 3 and 8 were
reconfigured by the control unit CU to generate an opposing magnetic
field. Simultaneously, the bias voltage applied to the substrate holder
was reduced to 150 V, while the pressure in the vacuum chamber was
increased to 2:107! Pa by introducing the reactive gas (nitrogen).

The magnetron discharge between anode 1 and cathode 2 was initi-
ated, using trigger plasma injectors TI,—TI,,. A triggering voltage
from pulsed units PPS,—PPS,, was applied to the injector electrodes
through the switching elements S,, (TCh-50-9 thyristors), which were
controlled by the CU. This resulted in the simultaneous activation of all
plasma injectors and the discharge of the energy stored in capacitors C,,
into the trigger discharge. Under these operating conditions, the en-
ergy delivered to the trigger discharge of each injector was of 0.49 J.

Unlike the ion-cleaning mode, all trigger plasma injectors were acti-
vated simultaneously, producing a plasma cloud uniformly distributed
over the working surface of the cathode 2. At the same time, similarly
to the ion-cleaning stage, a voltage from the pulsed power unit PPS,
was applied between anode 1 and cathode 2 by switching on the element
S, in response to a command from the control unit. In the presence of
the plasma cloud near the cathode surface and the magnetic field of the
required configuration, these conditions resulted in the ignition of a
pulsed magnetron discharge between anode 1 and cathode 2 of the
plasma source.

The pulse repetition frequency of the magnetron discharge was 1000
Hz, while the peak discharge current reached 25 A. The atoms and ions
sputtered from cathode 2 in the magnetron discharge were transported
toward the substrate holder and deposited onto the surfaces of the
products 5, thereby, forming the coating. The deposition process con-
tinued until a coating thickness of 2 pym was achieved.

4. RESULTS AND DISCUSSION

Characterization of the coatings deposited using the proposed pulsed
plasma source demonstrated that their adhesion to the substrate was
comparable to that of conventional vacuum-arc coatings. At the same
time, the deposited coatings were free of cathode material microdrop-
lets, which are typically observed in vacuum-arc deposition processes.
Furthermore, the coatings consisted exclusively of the cathode mate-
rial without detectable impurities. These results indicate the high
quality of the deposited coatings.

The proposed pulsed plasma source was used to deposit coatings on
15 batches of products under the operating conditions described above.
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Throughout the experimental campaign, no failures were observed in
the ignition of either the pulsed vacuum-arc discharge or the pulsed
magnetron discharge, demonstrating the high reliability of the dis-
charge ignition system.

Thus, the proposed design successfully achieves the intended tech-
nical objectives. Specifically, it extends the functional capabilities of
the pulsed plasma source by enabling stable operation in both the mag-
netron discharge mode and the vacuum-arc discharge mode. In addi-
tion, the proposed ignition system provides enhanced reliability of the
main discharge initiation in both operating modes and contributes to
the deposition of high-quality coatings.

5. CONCLUSIONS

A pulsed plasma source capable of operating in both the pulsed vac-
uum-arc mode and the pulsed magnetron sputtering mode has been
developed. Transition between the two operating modes is achieved by
modifying the magnetic-field configuration within the plasma source,
changing the activation sequence of the trigger plasma injectors and
the energy supplied to the trigger discharges, as well as adjusting the
voltages applied to the main electrodes. These operating conditions are
implemented by the power supply circuit of the plasma source.

The design features of the dual-mode pulsed plasma source are pre-
sented, with particular emphasis on the trigger plasma injectors and
their operating principles in each discharge mode.

Experimental evaluation of the dual-mode pulsed plasma source in a
hybrid coating-deposition process, in which the plasma source oper-
ated in the vacuum-arc mode during the initial ion-cleaning stage and
in the magnetron mode during the subsequent coating-deposition
stage, demonstrated that the deposited coatings exhibited high adhe-
sion to the substrate and were free of cathode material microdroplets.
These results confirm the high quality of the deposited coatings.

The proposed plasma source significantly simplifies the design of
ion-plasma coating systems intended for hybrid (combined) coating
technologies by enabling both ion cleaning and coating deposition to be
performed using a single plasma source operating in two different dis-
charge modes.
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