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The paper presents measurements of the electron temperature and plasma concentration in both stationary and
pulsed operation modes of a longitudinal planar MDC with a magnetically insulated anode in stationary and high-
current pulsed operation modes with a high-voltage impulse voltage addition. The measurements were carried out
according to the standard procedure for Langmuir double probes. The obtained volt-ampere characteristics of a
double probe show that the electron temperature increases by a factor of two in the pulsed mode of operation of the
magnetron in comparison with the steady-state regime, and the density of the pulsed plasma increases by three

orders of magnitude.
PACS: 51.50.+v, 52.25.Jm

INTRODUCTION

Currently among the ion sputtering systems in thin-
film technology, the so-called high-power pulse
spraying (HiPIMS - High Power Impulse Magnetron
Sputtering). The bottom line is to take advantage of the
evaporation and spraying method in one process. It is
known that the sputtering takes no more than 15 % of
the energy flux of the ion bombarding ions, and the
remainder causes the target to be heated up to the
melting point. In addition to physical sputtering, the
flow of matter is formed due to a vaporized substance.
This significantly increases the rate of deposition of
coatings, and also improves the adhesive properties of
films. In high-power sputtering, the principle is the
same, the only difference is that, because of the large
pulse power densities, the fraction of ionized atoms in
the flow sharply increases (from 5% in systems with a
classical magnetron to 60...80%), which also
significantly affects surface morphology and the
crystallization form of the synthesized coatings. The
energy spectrum of ions coming from the discharge
plasma to the target cathode determines the sputtering
coefficient of the target material and, consequently, the
performance of such devices.

In the model of magnetron sputtering for a plasma of
a certain composition, its state is determined mainly by
the electron temperature and the plasma concentration,
and these two parameters are affected by the discharge

power, gas pressure, discharge current density,
displacement, etc.
In paper [1], a thousandfold increase in the

sputtering rate of the MDC target and the mass transfer
of metal to the sample under study was experimentally
obtained with a combined stationary-pulsed discharge
regime in comparison with the steady-state regime.
However, the reasons for such a significant increase in
the efficiency of the sputtering process of the target
remained unclear.

This work is devoted to measurements of the
electron temperature and ion density both in the
stationary and pulsed modes of operation of the
longitudinal planar MPC with a magnetically insulated
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anode in stationary and pulsed operation modes with an
additional pulsed high-current high-voltage power
supply [1-3]. The measurements were carried out
according to the standard procedure for Langmuir
double probes [4].

1. EXPERIMENTAL EQUIPMENT

In Fig. 1 presented a block diagram of an installation
for studying the discharge parameters by a double
Langmuir probe. The experiments were carried out at a
facility of the type NNV-6.6-11, modernized for the
purpose of using a planar MSS with a copper sputtering
target of size (45x180) mm?2.
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Fig. 1. Block diagram of the installation for studying
the plasma parameters by the Langmuir double probe:
1 — vacuum chamber; 2 — vacuum pumping; 3 — MSS;

4 — probe; 5 — gas inlet; 6 — vacuum sensor;
7 — magnetron power supply; 8 — switching power
supply; 9 — power supply of the probe

The magnetic field of the arch configuration above
the target surface was created with the help of
permanent magnets located under the target. An
additional arched pre-anode magnetic field was also
created by a system of permanent magnets located on
the anode magnetic circuit [3]. The working pressure in
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the chamber was set at a level of 5-10° Torr and was
ensured by the continuous discharge of the working gas
(argon) directly into the discharge region. A pulsed
power supply unit of a capacitive type with a thyristor
switch ensured the supply of a single pulse of a voltage
of 3 ms duration and an amplitude of up to 1.5 kV to the
cathode-anode gap. Power supply of probes, MPC and
pulse block was carried out through a separation
transformer, which ensured reliable isolation on the
power circuits and protection against spurious signals.

To determine the temperature and concentration of
electrons in magnetron discharge plasma, a double
Langmuir probe was used, which consisted of two
cylindrical tungsten pins 3 mm in length, 0.5 mm in
diameter each. The distance between the pins was 3 mm.
The probe was located perpendicular to the target
surface at a distance of 120 mm from it.

The reliability of probe measurements was provided
by monitoring the discharge current at a high voltage
pulse with the help of Rogowski's belt. At the same
time, an oscillogram of the potential of the Langmuir
probe was recorded in the pulsed mode of the
magnetron discharge against the background of the
stationary voltage applied to the probe. According to the
volt-correction on the oscillogram of the probe in the
pulsed mode and the magnitude of the input resistance
of the oscilloscope, the probe current was determined.

2. RESULTS OF EXPERIMENTS AND
DISCUSSION

In Fig. 2 shows typical oscillograms of the potential
of the Langmuir probe and the discharge current of the
MSS in a high-current pulse mode of operation with a
high-voltage impulse voltage.
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Fig. 2. Typical oscillograms of the potential of the
Langmuir probe and discharge current of the MSS in
the high-current pulse mode of operation with a high-

voltage impulse voltage
(blue line — discharge current, red — probe
oscillogram in pulsed mode)

1.000ms

The current-voltage characteristic of the Langmuir
probe in the steady-state mode of operation of the MSS
and the current-voltage characteristic of the double
Langmuir probe of the combined magnetron discharge
obtained in accordance with the described procedure are
shown in Fig. 3.
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Fig. 3. Volt-ampere characteristic of combined
magnetron discharge (black line — steady-state
discharge burning mode, red — pulse mode)

The volt-ampere characteristics (Fig. 3) of the probe
have a classical form and allow us to determine electron
temperature and plasma density by standard methods
both in the stationary and in the high-current pulsed
mode of operation with a high-voltage impulse voltage
[4].

As a result of processing the volt-ampere
characteristics of the probe, the following values of the
electron temperature and plasma density were obtained:
in the steady-state discharge mode of the MSS:
Te=15.5¢eV and n; = 2.34-10* cm3; in the high-current
pulsed mode of operation of the MSS with a high-
voltage impulse voltage addition: T.=38eV and
ni = 2.22-10% cm3,

CONCLUSIONS

Thus, it is shown that in the combined stationary-
pulsed mode of operation of a high-voltage pulse
voltage additive, the temperature of the plasma electrons
increases more than twofold. In this case, the density of
the pulsed plasma turns out to be three orders of
magnitude higher in comparison with the steady-state
discharge regime in the MSS.

The obtained experimental data reliably explain the
thousandfold increase in the efficiency of the sputtering
of the MBS target in the high-current pulse mode of the
magnetron discharge.
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30HOBBIE U3BMEPEHUS TAPAMETPOB IIVIOTHOM FT'A3OMETAJIJIMYECKOM IJIA3MbI
B HEOJHOPOJIHOM MATI'HUTHOM IIOJIE IINTAHAPHOI'O MATHETPOHHOTI'O PA3PAA

A.I. Yynaopa, K.H. Cepeoa, U.K. Tapacoe

[IpencraBneHbl U3MEPEHUS TEMIIEPATYPHI 3JIEKTPOHOB M KOHIICHTPAIMHU IIIa3Mbl KaK B CTAIMOHAPHOM, TaK U B
HUMITYJIbCHOM PEeKUMax paboTsl IporosibHON utaHapHOH MPC ¢ MarHUTOM30IHPOBAaHHBIM aHOIOM B CTAI[HOHAPHOM
U CHIBHOTOYHOM HMITYJIbCHOM pEXHMaxX pabOThl C BBICOKOBOJIBTHOM MMITYJICHOM M00aBKOH HANpsKCHUS.
M3mepeHuss mpoBOAWINCH MO CTaHJAPTHOM METONMKE IJIsl ABOMHBIX 30HAO0B JleHrmiopa. IlodydeHHBIE BOJIBT-
aMIepHbIE XapaKTEePUCTHKH JBOMHOTO 30HAA MOKa3bIBAIOT, YTO TEMIIEpaTypa 3JEKTPOHOB YBEIWYHBACTCA B IBa
paza B HMITYJIbCHOM PECKHUMC pa60T1>1 MAarHe€TpoHa 1o CpaBHCHHUIO CO CTAallMOHAPHBIM PEKUMOM, a IJIOTHOCTb
HMHyJ’ILCHOﬁ IJIa3MBbI BO3pAaCcTacT Ha TPU IMOpsAaKa.

30H/10BI BUMIPH TAPAMETPIB IIIJIbHOI TA3OMETAJIEBOI IIVIA3MHM B HEOJHOPIJTHOMY
MAT'HITHOMY IOJII INTAHAPHOI'O MATHETPOHHOI'O PO3PANY

A.T. Yynaopa, K.M. Cepeoa, I.LK. Tapacoe

[IpencraBneHO BUMIpH TeMIEpaTypHd CIEKTPOHIB i KOHIGHTpAIlisl IDIa3MH SK y CTaIllOHApHOMY, TaK i B
IMITYJILCHOMY peXHMax poOOTH MoB3/0BXKHBOI ruaHapHoi MPC 3 MarHiToi30Jb0BaHUM aHOJOM Y CTallilOHAPHOMY
Ta CHJIHOCTPYMOBOMY IMIIYJbCHOMY pPEXHMax pOOOTH 3 BHCOKOBOJBTHOIO IMITYJbCHOIO HT00ABKOK HAMpPYyTH.
BuMipyu mpoBOAMIKCS 33 CTAaHTAPTHOK METOMUKOI JJIs ABiIMHUX 30HAIB JleHrmiopa. OTpumaHi BOJbT-aMIIEpHI
XapaKTePUCTUKK JBIHHOTO 30HAA IOKa3yIOTh, IO TEMIIEpaTypa CJIEKTPOHIB 30UIBLIYETHCS B JBAa pPasd B

IMITYJILCHOMY PE&XHMi POOOTH MarHeTpoHa B HOPIBHSHHI y CTAI[lOHAPHUM PEXHUMOM, a KOHIEHTpalis iMITyJIbCHOT
TUIa3MH 3POCTAE HA TPU MOPSIIKH.
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