On the role of recycling in high power impulse magnetron sputtering discharges

On the role of recycling in high power
impulse magnetron sputtering discharges

J. T. Gudmundsson'223, D. Lundin®, M. A. Raadu’,
T. J. Petty®, T. M. Minea®, and N. Brenning'

"Department of Space and Plasma Physics, School of Electrical Engineering and
Computer Science, KTH Royal Institute of Technology, Stockholm, Sweden
2 Science Institute, University of Iceland, Reykjavik, Iceland
3 Laboratoire de Physique des Gaz et Plasmas - LPGP, UMR 8578 CNRS,
Université Paris-Sud, 91405 Orsay Cedex, France

21* International Vacuum Congress
Malmo, Sweden
July 5., 2019




On the role of recycling in high power impulse magnetron sputtering discharges

Introduction

o Magnetron sputtering has been a highly sucessfull
technique that is essential in a number of industrial
applications
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o Conventional dc magnetron sputtering (dcMS) suffers from
a low degree of ionization of the sputtered material

o High power impulse magnetron sputtering (HiPIMS)
provides a highly ionized material flux, while being
compatible with conventional magnetron sputtering
deposition systems

Magnets
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High power impulse magnetron sputtering discharge

o High ionization of sputtered material
requires very high density plasma

o In a conventional dc magnetron
sputtering discharge the power
density (plasma density) is limited by
the thermal load on the target

o High power pulsed magnetron
sputtering (HPPMS)
o In a HiPIMS discharge a high power
pulse is supplied for a short period
o low frequency

o low duty cycle
o low average power

TARGET

Duty cycle (%)

Peak power density (kW/cm?)

Gudmundsson et al. (2012) JVSTA 30 030801

@ Power density limits
b = 0.05 kW/cm? deMS limit
b = 0.5 kW/cm?2 HiPIMS limit




lonization region model studies of HiPIMS
discharges
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Ionization region model of HiPIMS

o The ionization region model
(IRM) was developed to improve plasma
the understanding of the plasma /
behaviour during a HIPIMS e
pulse and the afterglow

o The main feature of the model is
that an ionization region (IR) is
defined next to the race track

o The IR is defined as an annular 1 definiion of the volume covered by the IRM
cylinder with outer radii r.2, From Raadu et al. (2011) PSST 20 065007
inner radii r.; and length
L = z, — z;, extends from z; to
Z, axially away from the target

region
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Ionization region model of HiPIMS

o The temporal development is defined by a set of ordinary
differential equations giving the first time derivatives of
o the electron energy
o the particle densities for all the particles

o The species assumed in the of-IRM are

o cold electrons e® (Maxwellian), hot electrons e'! (sheath
acceleration)

o argon atoms Ar(3s23p°®), warm argon atoms in the ground
state ArY, hot argon atoms in the ground state Arf, Ar™
(1s5 and 1s3) (11.6 eV), argon ions Ar™ (15.76 eV)

o titanium atoms Ti(a 3F), titanium ions Tit (6.83 eV), doubly
ionized titanium ions Ti?* (13.58 eV)

o aluminium atoms Al(?P; 2), aluminium ions Al* (5.99 eV),
doubly ionized aluminium ions Al’+ (18.8 eV)

Detailed model description is given in Huo et al. (2017) JPD 8
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Ionization region model of HiPIMS

o The model is constrained by
experimental data input and fitted to
reproduce the measured discharge
current and voltage curves, Ip(t)
and Vp(t), respectively

o Two model fitting parameters were

found to be sufficient for a
discharge with Al target

o VR accounts for the power
transfer to the electrons
o [ is the probability of
back-attraction of ions to the target
From Huo et al. (2017) JPD 50 354003

Experimental data from Anders et al. (2007) JAP 102 113303
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Ionization region model of HiPIMS
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o A non-reactive discharge with 50 mm diameter Al target
o Current composition at the target surface

From Huo et al. (2017) JPD 50 354003

Experimental data from Anders et al. (2007) JAP. 1024
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Ionization region model of HiPIMS

o When the discharge is operated at =z T
400 V the contributions of Al* and gl o
ArT-ions to the discharge current f
are very similar £ A A
o At 800 V Al*-ions dominate the :
discharge current (self-sputtering) A AN
while the contribution of Art is e
below 10 % except at the initiation g
of the pulse By [/
From Huo et al. (2017) JPD 50 354003 g oo
Experimental data from Anders et al. (2007) JAP 102 113303 glo
g \ L Ar o AR I se ! ‘
3ol |
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Ionization region model of HiPIMS

o A primary current Iy, is defined as ions of the working
gas, here Ar™, that are ionized for the first time and then
drawn to the target

o This is the dominating current in dc magnetron sputtering
discharges

o This current has a critical upper limit

ke T,
21T My

Icrit = SRTepg = SRTeng

27ngkB Tg

o Discharge currents Ip above I are only possible if there is
some kind of recycling of atoms that leave the target,
become subsequently ionized and then are drawn back to
the target

Anders et al. (2012) JPD 4

Huo et ak (2014)-PSST 23 025017
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Ionization region model of HiPIMS

o For the 50 mm diameter Al target the 2 Tow
critical current is i ~ 7 A gl .
o The experiment is operated from far g
below /. to high above it, up to 36 A. 5ol Lo AT
o With increasing current Iy, gradually m
becomes a very small fraction of the total ) e S

discharge current I @

o The current becomes mainly carried by s e
singly charged Al*-ions, meaning that 2
self-sputter recycling or the current 8
Iss —recycle dOminates gw
From Huo et al. (2017) JPD 50 354003 g Mr Jo AR Iy se
Experimental data from Anders et al. (2007) JAP 102 113303 ) 00 % 4<;0 tlpus]
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Ionization region model of HiPIMS

o Recall that singly charged metal

ions cannot create the secondary
electrons — for metal self-sputtering
(vse is practically zero)

The first ionization energies of
many metals are insufficient to
overcome the workfunction of the

041 D
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most relevant

02 to HIPIMS
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For the discharge with Al target
operated at high voltage,
self-sputter dominated, the
effective secondary electron
emission is essentially zero

10000

From Anders (2008) APL 92 201501
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Ionization region model of HiPIMS

o Reactive HiPIMS
o Ar/O, discharge with Ti target

o In the metal mode Ar+ and
TiT-ions contribute roughly equally
to the current — combined
self-sputter recycling and
working gas recycling el

s

Discharge current contributions [A]
a
3

g

o In the poisoned mode the current
increaes and Art-ions dominate
the current — working gas
recycling

Discharge current contributions [A]

From Gudmundsson et al. (2016) PSST 25(6) 065004
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Ionization region model of HiPIMS

o For the Al target, Ohmic heating
is in the range of 87 % (360 V) to
99 % (1000 V)

o The domination of Al*-ions,
which have zero secondary |
electron emission yield, has the TR —
consequence that there is
negligible sheath energization

o The ionization threshold for twice
ionized AI*, 18.8 eV, is so high
that few such ions are produced
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From Huo et al. (2017) JPD 50 354003
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Ionization region model of HiPIMS

o For a Titarget Ohmic heating is
about 92 %

o Both Art and Ti%+-ions
contribute to creation of
secondary electrons

o For Titarget in Ar/O, mixture

Ohmic heating fraction

o In the metal mode Ohmic
heating is found to be 90 % S0 100 150 tlus]
during the plateau phase of the
discharge pulse

o For the poisoned mode Ohmic
heating is 70 % with a
decreasing trend, at the end of
the pulse

From Huo et al. (2017) JPD 50 354003




The generalized recycling model
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Generalized recycling

o A working gas-sputtering parameter

g = O‘gﬁggpulse

where
o ay is ionization probability
o f3, is back attraction probability
o &uise = 1 is return fraction in a pulse

N )
o The total current carried by working &\\\\\\\\\\Y\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\Y\\\\\\\\\\\\\\\\\
gas fons N

Mg

/g = lprim"‘/gas—recycle = lprim <1 + > From Brenning et al. (201 ;"j;} 6 125003

1—7Tg i P
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Generalized recycling

o The total self-sputter current is

gas atoms target
+ions. atoms + ions
los = fy (& TSS " :
Yss 1 — mss ,

where the self-sputter parameter is

process gas o self-sputter
recycling | recycling

mss = i Yss

o The total discharge current is

[ gasions
[ tergetions

[ P
] wroetotoms

[ e

/D = lprim + /gas—recycle + /SS

71' Y, 7
:lrim 1 £ 1 £ 5
: < +1—7rg>< Yss 1 —7ss

From Brenning et al. (2017) PSST 26 125003.




On the role of recycling in high power impulse magnetron sputtering discharges

Generalized recycling

o The discharge current

/D = lprim M gas—recycle M SS—recycl

©

Iim is the seed current acts as a
seed to the whole discharge current
and has an upper limit L

(o} /priml'lgas_recycle is the seed current for Generalized recycling SS-runaway
_ Ib= ’pr\m'ngas-recycle‘nss-recyc\e Ip(t) increasing
the self-sputter process * - : :
o If mss > 1 the discharge goes into = =
SS-runaway

From Brenning et al. (201
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Generalized recycling

o Recycling map

o A graph in which the ion current mix 1__ [ dcMS
Of hyim, feas—recyctes @Nd Iss to the target ] b
in a magnetron discharge is defined ] =

by a point
o The value of lyim/Ib = 39 %, can be
read on the diagonal lines (Yss = 0.5)
o lyim/Ib = 0.85 defines the dcMS ]
regime oS N
0 0.5 1
o For Iss/Ib > 0.5 we have the | /1
. gas-recycle/ 'D
SS-recycle dominated range A

o FOr lyys—recycte/Ip > 0.5 we have the
gas-recycle dominated range B

From Brenning et al. (201
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Generalized recycling

o The discharge with Al target moves
from the dcMS regime to the HiPIMS
discharge regime with increased
discharge voltage — type A

o A discharge with carbon target jumps
from the dcMS regime to the HiPIMS
regime — both SS recycling and
working gas recycling play a role —
intermediate type AB

® Aluminium
Y =0.7 (360 V) - 1.4 (1000 V)

Carbon
Y,. = 0.48 (950 V) - 0.53 (1200 V)
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Generalized recycling

o Recycling map for five different targets

. : _ H 1-¢— Y., = 2.6 (Cu, 630 V)
with varying self-sputter yield ot so0y) b S0
° CU — YSS =26 . Y., = 0.7 (Ti, 600 V)
o Al— Y = 1.1 RE ks N
o Ti— Yss =07 ; ysi Qo.m-oés}%?:il:slz
— i (TiO,, 600 V)
° C=Ys5 =05 . §
] T|02 —Yss =0.04-0.25 0 Igas»ref:);/ze/lD !
o For very high self-sputter yields
Yss > 1, the discharges above /. are From Brenning et al. (2017),
of type A with dominating SS-recycling PSST 26 125003

o For very low self-sputter yields
Yss < 0.2, the discharges above /. are
of type B with dominating working gas
recycling
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Generalized recycling

o Recycling loops

o Discharge with Al target — SS
recycling dominates

o high self sputter yield

o Reactive discharge with TiO, target —
working gas recycling dominates

o low self sputter yield

\
\ el 71O, e
et [ toetions

[ et o

From Brenning et al. (201 g 6 125003
] = =
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HiPIMS - Voltage - Current - time

o For Ar/O, discharge with Ti target

o At high frequencies, oxide is not able
to form between pulses, and
self-sputtering recycling by
Tit-ions is the dominant process

o At low frequency, the long off-time
results in an oxide layer being formed
(TiO2) on the target surface and
working gas recycling dominates —
triangular current waveform ol 1
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Summary

o For high currents the discharge with Al target develops
almost pure self-sputter recycling, while the discharge
with Ti target exhibits close to a 50/50 combination of
self-sputter recycling and working gas-recycling

o For very high self-sputter yields, above approximately
Yss ~ 1, the discharges above I are of type A with

o dominating SS-recycling
o very little secondary electron emission
o little sheath energization of electrons
o For very low self-sputter yields, below approximately
Yss =~ 0.2, the discharges above . are of type B with
o dominating working gas recycling
o significant secondary electron emission
o significant sheath energization of electrons.

o The fraction of the total electron heating that is attribufg

to Ohmic heating is over 90 % in the HiPIMS discharg
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Thank you for your attention

The slides can be downloaded at
http://langmuir.raunvis.hi.is/~tumi/ranns.html
and the project has been funded by

o Icelandic Research Fund Grant Nos. 130029 and 196141

o Swedish Government Agency for Innovation Systems
(VINNOVA) contract no. 2014-04876
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