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The high-current pulsed magnetron sputtering system is presented and its operation regimes are studied. The
comparative technological trials of the system are carried out at various types of the discharge: stationary magnetron,
pulsed magnetron and pulsed arc. A procedure of calculation of dynamics and distribution of temperature in a near
surface layer of the target material at heat application to a surface in conditions of low pressures of working gases is

described.
PACS: 52.40 Hf

1. INTRODUCTION

The investigation of the pulsed magnetron sputtering
system (MSS) in modes with large discharge currents is
stimulated by an opportunity to decrease energy expenses
on the process of ion sputtering at large densities of ion
current to the target when transition of ion-nuclear inter-
action into a mode of "thermal peaks" occurs [1-4]. The
realization of these opportunities of pulsed conditions of
the MSS is especially attractive at use of conventional
discharge systems and power units for a dc MSS. At the
same time, the modes of operations of the MSS with large
densities of ion current to the sputtered target are accom-
panied by processes of intensive heating of a target sur-
face that can lead to transition into the mode of "thermal
peaks", and to thermal explosion of microroughnesses of
the surface or even to melting of a target material.

In the presented work the high-current pulsed MSS is
submitted and the modes its operation are studied. The
comparative technological trials of the system are carried
out at various types of the discharge: stationary mag-
netron, pulsed magnetron and pulsed arc. In the presented
work a procedure of calculation of dynamics and distribu-
tion of temperature in a near surface layer of the material
also is given at heat application to a surface in conditions
of low pressures of working gases.

2. MATERIALS AND METHODS

The experiments on study of pulsed conditions of the
MSS were carried out on conventional planar magnetron
with a target diameter of 150 mm (copper). Intensity of a
magnetic field on a surface of a target was about
H =250 Oe . The anode of the magnetron was
grounded and the negative voltage from a conventional
magnetron power unit was applied to the target: a dis-
charge voltage up to 1000 V', discharge current up to
54 in a  range of  pressures of
P =( 1 =8 ) 102 Torr (working gas - argon).

At investigation of pulsed conditions of the MSS be-
tween a power unit and magnetron the store of energy
(pulsed capacitor with a capacity of 10100 uF' ) and
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thyristor circuit changer-transformer was included. The
circuit changer-transformer provided delivery of negative
impulses of a voltage U =1 <=3 kV to the target with
duration of 50200 us and frequency of 50 Hz

and adjustment of a discharge current in a range of

20+5000 4 .

3. RESULTS OF EXPERIMENTS AND
DISCUSSION
The pulsed magnetron discharge, in contrast to sta-
tionary, stably develops at much lower pressures of work-
ing gas. The limiting pressure of the discharge ignition in
stationary conditions was 2 -10_3 Torr , in pulsed -

3 -10_4 Torr - The current-voltage characteristics and
the discharge parameters are typical for the magnetron
discharge. In this mode of operation of the MSS, in spite
of the facts that the current of the discharge exceeds aver-
age current of a cathode spot for a copper electrode (75 A)
and the duration of existence of the discharge is sufficient
for occurrence of a cathode spot, the transition into an arc
mode does not occur. When the discharge current exceeds
some critical value in a range of 80+120 A4 , we can
observe formation of cathode spots on the target surface.
The apparent phenomena, probably, are related to a break-
down of an external magnetic field of the magnetron by
own magnetic field of a drift (Hall) electron current. In
the Fig.1, the schematic figure of analytical model of cir-
cular planar magnetron is given. Owing to axial symmetry
the zx-plane with radius of the magnetron loop of 5 cm is
considered only.

In Fig.2, the results of numerical modelling of super-
position of own external magnetic field of the planar mag-
netron with value on the target surface of B=200 Oe
and magnetic field created by a Hall current with a value

of ]d=80 A s shown.

The field inside the section of a conductor was calcu-
lated from the theory about circulation of magnetic inten-
sity, and outside of section of a conductor by means of
vector potential (elliptic integrals of 1-st and 2-nd sort).
One can see that at large currents the configuration of
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magnetic field loses confining properties and the dis-
charge transfers from the discharge with cross magnetic
field into the discharge with longitudinal magnetic field.
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Fig.1. Schematic of analytical model of circular planar
magnetron
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Fig.2. Change of topography of magnetic surfaces of the
MSS in the region of magnetic trap

The technological trials have shown that the deposition
rate of coatings depends on the discharge type in the MSS
and this dependence in pulsed conditions is stronger than
in stationary ones. At average power of 3 kW and peak
pulsed currents for each type of the discharge the deposi-
tion rate of a copper in the pulsed magnetron discharge
was incremented in 1 .2 =1 .3 times, in pulsed arc -
in 3 +3 .5 times. The mechanical and adhesive char-
acteristics of coatings were also improved.

Increase of velocity of mass transfer at pulsed high-
current operation mode of the MSS probably is connected
with transition of an ion sputtering into a mode of "ther-
mal peaks" when the discharge current reaches values
typical for an electric arc, but the transition into an elec-
tric arc and occurrence of cathode spots does not occur.

At pulsed conditions of operation of the MSS heating
of a surface layer of a material of a sputtered target
occurs. During period between impulses the processes of
cooling occurs. For evaluation of dynamics of distribution
of temperature in a near surface layer, we shall take the
equation of a thermal conduction:

T _ 20°T
ot ox?’
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where g®=/k/cp is the thermal diffusivity of the target
material, 7 is the temperature in a selected point of the
material, ¢ is the specific heat capacity, o is the density of
the target material, & is the thermal conductivity.

The boundary and initial conditions for the equation of
a thermal conduction for alternating periods of heating
and cooling of the surface have a various looks. Therefore
for the analytical solution of the problem on distribution
of temperature in a near surface layer of the target it is
necessary to divide the problem on two parts. One part
describes the process of heating of the surface during one
impulse, and second part describes the process of cooling
of the surface between impulses:

or, ,o'T, or, (L ,t)
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q(t)=4Q(l‘/‘L'—l‘2/‘L'2) is the parabolic shape pulse,
T is the pulse duration, L is the thickness of near surface
layer.

or, ,0°T,  OT,(L,1)
2) =, —a ——=nT(L,t)
Py P e (L,1)
T 2(0,1)=0 with initial conditions corresponding
T (x,7).

Using cosine-transformation Fourier it is possible to
obtaine the following solution describing spatial-temporal
distribution of temperature in near surface layer of target
with thickness L during her heating'
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At the time of #=7 we shall obtain expression for spa-
tial distribution of temperature in the layer after heating:
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Using a method of partitioning variable Fourier it is possi-
ble to obtain the following solution for the problem which
describes cooling of the surface between impulses
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The natural numbers A . are obtained by graphical cal-

culation from the trigonometric equation A=htg AL .

Fig.3. Spatial - temporal distribution of temperature in a
copper target of magnetron sputter system

In Fig.3 the spatial-temporal distribution of tempera-
ture in the near surface layer of the target with thickness
of L=0.5mm 1is shown at a pulsed heating (the
pulse duration is 7=100 us , the density of applied
power is O=6 -1()6 w/ m2 ) and subsequent cooling
of the target during the time period of 0.02 s correspond-
ing to repetition rate of impulses 50 Hz.

The average temperature of a surface and volume
grows linearly with time, however the pulsed temperature
of a surface can essentially exceed the temperature of vol-
ume. In the gaps between impulses partial cooling of the

surface due to heat exchange to environmental gas and
propagation of a thermal wave deep into the target occurs.
The calculations show that at the pulsed high-current
magnetron discharge the temperature of the copper target
surface grows in 2-3 times, but does not reach the value
of melting temperature that proves by experimental data.
At the same time, essential increase of the discharge cur-
rent and deposition rates of coating in this mode testify to
growth of velocity of mass transfer as a result of transi-
tion from an ion - atom sputtering of the target to a mode
of "thermal peaks".

4. CONCLUSIONS

Thus, the transition from stationary to pulsed opera-
tion of a conventional magnetron sputtering system
(MSS) has allowed to obtain universal technological sys-
tem (stationary magnetron - pulsed high-current mag-
netron with enhanced deposition rate - arc evaporator)
with increased density of pulsed reactionary plasma. It is
theoretically shown that the transition to an arc mode oc-
curs as a result of deformation of configuration of mag-
netic trap and loss of confining properties of the trap
when the discharge current exceeds the critical value. The
scheme of calculation of temperature distribution in the
sputtered target at pulsed thermal action on a surface is
proposed that significally simplifies a choice of optimum
parameters for various vacuum-plasma surface process-
ing.
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OCOBEHHOCTH CUJIBHOTOYHBIX UMITYJbCHBIX PEXKUMOB B MATHETPOHHBIX
PACIHBUVIMTEJIBHBIX CUCTEMAX

A.A. Bustokoe, A.E. Kawaba, E.B. Pomawenxo, K.H. Cepeoa, H.K. Tapacos, C.H. Aboamacos

IIpencraBieHa CHILHOTOYHAS MMITYJIbCHASS MArHETPOHHAS PACIBUIMTEIIbHAS CHCTEMa U M3YYCHBI PEKUMBI €€ PadOThI.
IIpoBeneHbl CpaBHUTEIbHBIE TEXHOJIOTHUECKUE HCTBITAHUS CUCTEMBI MPH Pa3IMYHBIX TUIAX paspsja: CTaluOHAPHOM
MarHeTpOHHOM, UMITYJIbCHOM MarHeTPOHHOM M WMITYJIbCHOM AyroBOM. lIpuBeneHa METO¥Ka BBEIYMCICHHUS JHHAMUKA
U pacIpeesieHus] TEMIIEpaTypsl B IPUIIOBEPXHOCTHOM CJIO€ MaTepHalia MUIIEHH IIPH TOABOJE TEIUIa K TIOBEPXHOCTH B

YCJIOBUAX HU3KUX ,I[aBJ'IeHI/Iﬁ pa60q1/1x ra3oB.

OCOBJIMBOCTI HOTYKHOCTPYMOBHUX IMITYJIBCHUX PEXKUMIB Y MATHETPOHHHUX PO3IIHU-
JIHIOBAJIBHUX CUCTEMAX

O.A. bizokos, A.€. Kawmaéa, O.B. Pomawienko, K.M. Cepeoa, LK. Tapacos, C.M. Abonmacos
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Omnmcana CHWJIBHOCTPYMOBa IMITyJbCHa MAarHETPOHHA pO3MIUIIOBAaJbHA CHCTEMa Ta BHBUCHI peXUMH ii poOoTw.
[IpoBeneHi MOPIBHUIBHI TEXHOJOTIYHI BHUNPOOYBaHHS CHCTEMH TMPH pI3HUX THIAX PO3psAy: CTalliOHApHOMY
MarHeTpoHHOMY, IMITyJIbCHOMY MarHETPOHHOMY Ta IMITyJIbCHOMY AyroBomy. lIpuBeneHa MeTOIUKa PO3PaxyHKY IH-
HaMiK{ 1 PO3MOALITY TeMIlepaTypy B IPHIIOBEPXHEBOMY IIapi Marepially MiLleHI NpH MiJBOAI TeIuia JI0 IMOBEpXHI B
YMOBaxX HU3bKUX THUCKIB pOOOYHX T'a3iB.
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