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On 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 A magnet is placed at the back of the cathode target with
the pole pieces at the center and perimeter

o The magnetic field confines the energetic electrons near
the cathode

o The electrons undergo numerous ionizing collisions before
being lost to a grounded surface




The dc magnetron sputtering discharge
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The dc magnetron sputtering discharge

o Magnetron sputtering has been the workhorse of plasma
based sputtering methods for over four decades

o Through the years there has been a continuous
development of the magnetron sputtering processes to

increase the ionization of the sputtered vapor

improve target utilization

avoid target poisoning in reactive sputtering

increase deposition rates

© ©0 o0 o




On recycling in high power impulse magnetron sputtering discharges

The dc magnetron sputtering discharge

o For many applications a high degree of ionization of the
sputtered vapor is desired
o controlled ion bombardment of the growing film
o ion energy can be — controlled by a negative bias applied to

the substrate
o collimation — enhanced step coverage

o lonized flux of the sputtered material introduces an
additional control parameter into the deposition process
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The dc magnetron sputtering discharge
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From Gudmundsson (2008), J. Phys.: Conf. Ser. 100 082002

o In magnetron sputtering discharges increased ionized flux
fraction is achieved by
o a secondary discharge between the target and the
substrate (rf coil or microwaves)
o reshaping the geometry of the cathode to get more focused
plasma (hollow cathode)
o increasing the power to the cathode (high power pulse)
o Common to all highly ionized magnetron sputtering
techniques is a very high density plasma




The high power impulse magnetron
sputtering discharge
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High power impulse magnetron sputtering discharge

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

o Most of the ion bombarding energy is
transformed into heat at the target
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
o The high power pulsed magnetron
sputtering discharge uses the same
sputtering apparatus except the power

supply
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High power impulse magnetron sputtering discharge

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

Duty cycle (%)

o High power pulsed magnetron sputtering
(HPPMS)

o High power impulse magnetron sputtering o 1 A
( H | P I M S) Peak power density (kW/cm?)
o a pulse of very high amplitude, an
impulse, is applied to the cathode and a o
long pause exists between the pulses O s et i
o Modulated pulse power (MPP) A =05 W/em® HIPIMS lmi
o the initial stages of the pulse (few hundred
us) the power level is moderate (typical for
a dcMS) followed by a high power pulse
(few hundred s up to a ms)

0.1+ dcMS range | HPPMS range

Gudmundsson et al. (2012) JVSTA 30 030801
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High power impulse magnetron sputtering discharge
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o The high power impulse magnetron sputtering (HiPIMS)
discharge operates with a
o Cathode voltage in the range of 500 — 2000 V
Current densities of 0.5 — 4 A/cm?
Power densities in the range of 0.5 — 3 kW/cm?
Average power 200 — 600 W
Frequency in the range of 50 — 5000 Hz
Duty cycle in the range of 0.5 -5 %
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High power impulse magnetron sputtering discharge

o The development of high
power pulse magnetron
sputtering is traced to the
Moscow Engineering and
Physics Institute (MEPhI)

o The first published record on
what we now refer to as a
pre-ionized HiPIMS discharge
was presented at the XX
International Conference on
Phenomena in lonized Gases
(ICPIG) Braga , ltaly, July 1991
by the group at MEPhI
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High power impulse magnetron sputtering discharge

o The PhD thesis of Dimitry Mozgrin describes
a high-current low-pressure quasistationary 9519 4
discharge in a magnetic field e et "

o It was demonstrated for two configurations e

o a planar magnetron device
o two hollow axisymmetric electrodes . .
immersed in a cusp-shaped magnetic field i

o For the planar magnetron device, they
reported a peak power of 200 kW (200 A)
onto a 120 mm diameter target giving peak a
power density of 1.8 kW/cm? and discharge
current densities of up to 25 A/cm? at a
repetition rate of 10 Hz in a pre-ionized
discharge

s mpasax prvomou

Mozgrin.(1994) Ph.D. thesis, MEPh
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High power impulse magnetron sputtering discharge

o The original concept of a
HiPIMS power supply, which
was based on thyristor switches
and can deliver extremely high
currents during the pulse

o The capacitor C had a value
around 10 — 20 uF

o There are two transformers Tr4
and Tro working with the line
frequency 50 — 60 Hz

o This type of HiIiPIMS power
supply is capable of delivering
pulse powers of up to
P, ~1 MW

Based on Kouznetsov (2001) U.S. Patent no. 6,296,742 B2
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High power impulse magnetron sputtering discharge

o In this construction it is difficult to
control the length of the active
pulse, it is given by the time
constant of the plasma impedance
and the values of C and L

o Furthermore, the pulse repetition
frequency is fixed by the frequency
of the ac line supply

o This type of power supply was
used in the early demonstration of
the HiPIMS technique performed
at Linkdping University

Based on Kouznetsov (2001) U.S. Patent no. 6,296,742
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High power impulse magnetron sputtering discharge

o The discharge voltage Vp and current Ip

T T T
1000F (@)« === 027Pa

for an argon discharge at 0.27 and 2.67 Pa s ) os. = *7™
with 150 mm diameter tantalum target S
driven by an early thyristor-based power “F o
supply E
o We see an initial voltage peak in the = 1oof
kilovolt range which is followed by adropin  *

the voltage to several hundred volts 5 % o 0

o The voltage then drops even further to
values that are typical operating voltages  From Gudmundsson et al. (2002) SCT 161 24
for a dcMS discharge

o As the voltage drops, the discharge current
increases up to a peak value followed by a
gradual decay of the current




High power impulse magnetron sputtering discharge

From Kouznetsov et al. (1999) SCT 122 290

o This is the pulser unit used in the pionering work of
Kouznetsov et al. (1999)
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High power impulse magnetron sputtering discharge

o Modern concepts of pulsed
power supplies utilize o &
insulated-gate bipolar I 1
transistors (IGBTs) as high A
power switches Ca : = =

o Also, the previously used e o PR e e A %
small capacitor C is o —
substituted by a large

Capacitor bank Composed Of Hubicka et al. (2019) in High Power Impulse Magnetron
|0W-impedance electrolytic Sputtering Discharge, Elsevier, 2019
capacitors

o A typical circuit diagram of a
HiPIMS power supply based
on IGBT switches
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High power impulse magnetron sputtering discharge

o The discharge voltage Vp and A A A

(a)
current Ip for an argon P P ]
discharge mixed with nitrogen =
at different flow rates and = s0op T aeem 7

vanadium target o —s ZL___

o The discharge is driven by an S
IGBT based power supply
with a large capacitor bank

o The total gas pressure is 0.9 Wt .L;-A —
Pa, the argon flow rate is 40 0 50 100 150 200 250 500
sccm, the voltage pulse is 200
1S long and the pulse Hajihoseini and Gudmundsson (2017) JPD 50 5

frequency is 100 Hz.
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High power impulse magnetron sputtering discharge

o In non-reactive discharge the
current waveform shows an
initial pressure dependent peak
that is followed by a second
phase that is power and material
dependent

o The initial phase is dominated by
working gas ions, whereas the
later phase has a strong
contribution from self-sputtering

nt, (A)

arge curre

urrent, (A)

Discharge ct
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o For some materials, the

discharge switches into a mode From Anders et al, (2007),
Of SUStaIned self-spl‘Itte"ng JAP 102 113303 and JAP 103 039901
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High power impulse magnetron sputtering discharge

o The initial phase has a contribution
from the working gas ions, whereas

161 2 3 4 5

the later phase has a strong ]
contribution from self-sputtering at e
high voltage £

Jo [Alct

2
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o The current is generally
characterized by an initial peak
followed by a more or less stable — =l
current plateau (bottom current BT
curves)

o In other cases it shows an initial peak
followed by a second increase of the
discharge current

°
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High power impulse magnetron sputtering discharge

o The self-sputtering can operate in a self-sustained mode,
when the ions of the sputtered vapor are created at high
enough rate that the ions of the working gas are not
needed

o The condition for sustained self-sputtering is expressed as
Mg = af Vs =1

where

o « is the probability of ionization of the sputtered atom

o [ in the probability that the newly formed ion of the
sputtered vapor returns to the target

o Y is the self-sputter yield of the ion

o This is a steady state situation and the current remains
constant
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High power impulse magnetron sputtering discharge

o Note that since o < 1 and 5; < 1 the condition Y > 1 is
necessary but not sufficient for achieving sustained
self-sputtering

o The transient phase of self-sputtering runaway occurs
when Mg > 1

o Self-sputtering runaway occurs at a well-defined threshold
power, determined by the discharge voltage and is readily
obtained for high sputter yield materials

o But runaway can also occur at lower threshold voltages
than for pure self-sputtering as well as for ransition metals
and target materials of low sputter yield due to what is
referred to as 'gas recycling’ runaway
Anders (2011), SCT 205 S1, Anders et al. (2012) JPD 45 012003
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High power impulse magnetron sputtering discharge

o The bottom curve represents a s A s }
range of low self-sputtering, 250 [\/\ _______ I
Mg < 0.1 and the discharge 200

physics in the plateau/runaway

150
0.1<I1<1

Current[A]

phase is dcMS-like 100
o The middle range of power * s,
denSitieS, with 0.1 < Mg < 1, %0 50 100 150 200 250 30 w0

Time [ps]

represents partially

Self'SpUtterlng dISCharge From Gudmundsson et al. (2012), JVSTA 30 030801

o The top curve represents
self-sputtering runaway which
requires Ny > 1 and a
self-sputter yield
Y > 1/(af) > 1
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High power impulse magnetron sputtering discharge

o Ardischarge with Ti target

o The initial peak in current results
large flux of atoms from the target

o Collisions of the sputtered atoms
with the working gas result in
heating and expansion of the
working gas — rarefaction

o A significant fraction of the
sputtered atoms experience
electron impact ionization (the
ionization mean free path ~ 1 cm)
and are attracted back to the target
to participate in the sputtering
process — self-sputtering

Cathode current (A)
| |

Pulse time (us)

From Magnus et al. (2011) JAP 110 083306
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High power impulse magnetron sputtering discharge

t = 160us
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(After Bohlmark et al. (2005), IEEE Trans. Plasma Sci. 33 346)

o Temporal and spatial variation of the electron density

o Ar discharge at 20 mTorr, Ti target, pulse length 100 us

o The electron density in the substrate vicinity is of the order §
of 10" — 10" m—3 — jonization mean free path \;, ~ 1 cm
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High power impulse magnetron sputtering discharge

o The time averaged ion
energy distribution for Ar*

) : 106 36 1+
and TiT ions sii\ 34 "
. 10 10J
o The working gas pressure * 10° X
- | AL 1 O

was 3 mTorr, pulse energy
3 Jand 10 J and the
target made of Ti

o The ion energy distribution 10"
is broad to over 100 eV Energy (eV)
o About 50 % of the Tit

ions have energy > 20 eV From Bohimark et al. (2006) TSF 515 15888




Electron power absorption in magnetron
sputtering discharges

RN Ge



On recycling in high power impulse magnetron sputtering discharges

Introduction

o The conventional wisdom is that
plasma generation in magnetron
sputtering discharges is based
on the supply of energy via
secondary electrons (SEs)
accelerated from the target

o However, one of the remaining
fundamental questions is how
power is absorbed by the
electrons in the magnetron
sputtering discharge

magnets

target — cathode

substrate




dc magnetron sputtering discharge
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dc magnetron sputtering discharge

Cathode  Negative Anode
layer(s)  glow Positive column 99

Cammde

Aston DS Cathode DS~ Faradey DS~ Anode DS
(Crooke Hittorf)

T. J. Petty, LPGP, Université Paris Sud
o A dc discharge with a cold cathode is sustained by
secondary electron emission from the cathode by ion
bombardment
o The discharge current at the target consists of electron
current /. and ion current / or

b =1I+ =k +sg)

where sk is the secondary electron emission coefficient

o Note that ysg ~ 0.05 — 0.2 for most metals, so at the target,
the dominating fraction of the discharge current is ion
current
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dc magnetron sputtering discharge

o These secondary electrons are
accelerated in the cathode dark
space — referred to as primary
electrons

o They must produce sufficient
number of ions to release more
electrons from the cathode

o The number of electron-ion pairs

created by each secondary electron
is then

~ /D

~ e
where &, is the energy loss per
electron-ion pair created
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dc magnetron sputtering discharge
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o To account for the electrons that are
not trapped we define an effective
secondary electron emission
coefficient

YSE,eff = Mee(1 — r)yse

o ¢ is the fraction of the
electron energy that is
used for ionization before
being lost

o mis a factor that accounts
for secondary electrons
ionizing in the sheath

o ris the recapture

probability of secondary
electrons
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dc magnetron sputtering discharge

o To sustain the discharge the
condition

YsgeftN = 1

has to be fulfilled
o This defines the minimum voltage
to sustain the discharge as
Ee

VD mil’l S
’ BYSE eff

referred to as Thornton equation

o [ is the fraction of ions that
return to the cathode

Magnetron sputtering: basic physics and application to
cylindrical magnetrons

John A. Thomton
Teic Corporation, 1631 Colorado Avene. Santa Monica, California 90404
(Received 22 September 1977; accepted 7 December 1977)

Magnetron sputtering sources can be defined as diode devices in which magnetic ficlds are
used in concert with the cathode surface to form electron traps which are so configured that
the EXB electron-drift currents close on themselves. Coaxial cylindrical magnetron sputtering
sources in which post or hollow cathodes are operated in axial magnetic fields have been
reported for a number of years. However, their performance is limited by end losses. A
remarkable performance is achieved when the end losses are eliminated by proper shaping of
the magnetic field or by using suitably placed electron-reflecting surfaces. High currents and
sputtering rates can be obtained, nearly independent of voltage, even at low pressures. This
characterizes what has been defined as the magnetron mode of operation. This paper reviews
the basic principles that underly the operation of dc sputtering sources in the magnetron mode
with particular emphasis on cylindrical magnetrons. The important attributes of these devices
as sputtering sources are also reviewed.

PACS numbers: 81.15.~z, 52.75.—d

Thornton (1978) JVST 15(2) 171
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dc magnetron sputtering discharge

o The basic assumption is that
acceleration across the sheath is
the main source of energy for the
electrons

o Above breakdown the parmeters
m, 3, e« and r can vary with the
applied voltage

o We can rewrite the Thornton
equation for any voltage

1 Bmee(1 =)
VD - EC SE

A low-pressure cold-cathode discharge is maintained pri-
marily by secondary electrons emitted from the cathode by
ion bombardment. These electrons are accelerated in the CDS
and enter the plasma where, known as primary electrons, they
must produce sufficient ions to release one further electron
from the cathode.” This requirement can be expressed by the
following relationship for the minimum potential to sustain
such a discharge:"®

Viain = 60/ Ticiee (5)

Thornton (1978) JVST 15(2) 171
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dc magnetron sputtering discharge

40

o A plot of the inverse discharge

voltage 1/Vp against vsg should = e

then give a straight line through M-

the origin i} iy
o Depla et al. measured the ot L LILE §

discharge voltage for a 5 cm

diameter target for Ar working gas $0) wpims BB

for 18 different target materials 2 A ¥
o Since all the data is taken in the (= B

same magnetron, at same current =

and pressure, the discharge

parameters parmeters m, 3, ¢. and
&. are independent of ~sg

From_Depla et al. (2009) TSF.517
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dc magnetron sputtering discharge
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From Depla et al. (2009) TSF 517 2825

o 1/Vp against ~sg for gas pressures of 0.4 and 0.6 Pa and

discharge currents 0.4 A and 0.6 A
o It can be seen that a straight line indeed results, but that it
does not pass through the origin
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dc magnetron sputtering discharge

o We here propose that the intercept is due to Ohmic heating

o We can now write the inverse discharge voltage 1/Vp in
the form of a generalized Thornton equation

1 pdm == bw) SO

VD gé—[ YSE gg
N—
a b
or 1
— =a b
Vo YSE +

o We associate a with hot electrons et!, sheath acceleration

o We associate b with the Ohmic heating process and cold
electrons e
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dc magnetron sputtering discharge

o The figure shows schematically the
magnetic field lines and the electric i 3

. . 2 E 2
equipotential surfaces above the e E.‘,;V PN
racetrack . S

' B _ r
o A potential Vsy falls over the sheath, - eyl eon]
and the rest of the applied voltage,
‘/IR — VD _ VSH fa”S across the From Brenning et al. (2016) PSST 25 065024

extended pre-sheath, the ionization
region (IR), or = Vir/ Wb

o Ohmic heating, the dissipation of
locally deposited electric energy
J. - E to the electrons in the plasma
volume outside the sheath
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dc magnetron sputtering discharge

Ip (A) p (Pa) Slope k Intercept g = Up/Up

04 04 0.0117 0.00145 0.19
04 0.6 0.0129 0.001 20 0.16
0.6 0.4 0.0130 0.001 30 0.17
0.6 0.6 0.0140 0.00110 0.15

T
O

T R S I R
T T
Q
2L 2
AR /
S
) L

sheath energization |

o It follows that the fraction of the total
ionization that is due to Ohmic
heating can be obtained directly
from the line fit parameters aand b

. . . o 0.4 Pa, 0.4 A Ohmic heating B
o This can be written as a function of - §§ 2 § 6 .
only the secondary electron yield = T N
Yse
YSE
LOhmic __ b

From Brenning et al. (2016) PSST 25

Ltotal avyse +b
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dc magnetron sputtering discharge

In(A)  p(B)  Slopek  Intercept! i =Un/Up ) We assume

04 04 00117 000145 0.9

04 06 00129 000120 016

06 04 00130 000130 0.7 C

06 06 00140 000110 015
€ — 08, </e/lD>IR ~ 05,
and

o The fraction of the
discharge voltage that falls

o . ES =535V for T, =3V
over the ionization region

Vir which gives

Vo S = 0.15—0.19

can be estimated from
' o 15-19 % of the applied

b— es (k/Ip) RO discharge voltage fall ove
- the ionization region
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dc magnetron sputtering discharge

o Recent measurements have
revealed strong electric fields
parallel and perpendicular to the
target of a dc magnetron sputtering
discharge

o The largest E-fields result from a
double layer structure at the leading
edge of an ionization zone

o Itis suggested that the double layer
plays a crucial role in the
energization of electrons since
electrons can gain several tens of
eV when crossing the double layer

From Panjan and Anders (2017) JAP 121 063302
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dc magnetron sputtering discharge

From Panjan and Anders (2017) JAP 121 063302

o The distribution of V,, — V; oc (E) in the r — z plane for a dc ges
magnetron sputtering discharge operated at 270 V and £5
0.27 Pa
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dc magnetron sputtering discharge

o Electrons gain energy when they
encounter an electric field — a
potential gradient, such as the field in
the double layer

o The electron heating power J. - E is
associated with an acceleration of
electrons in the electric field — this
electron energization in a double
layer is Ohmic heating

From Panjan and Anders (2017) JAP 121 063302




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 50 354003 S’
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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

- = z
S) Jptotal = b)Y, ol :

c =4 c

c0.61 k) _g
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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

v,

Experimental data from Anders et al. (2007) JAP 102 113303
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Ionization region model of HiPIMS

o When the discharge is operated at =z .
400 V the contributions of Al* and gl oy
ArT-ions to the discharge current 2
are very similar £ A A
o At 800 V Al*-ions dominate the :
discharge current (self-sputtering) A AN
. . . . o o0 200 400 t[us]
while the contribution of Art is ® :
below 10 % except at the initiation g
of the pulse Sy [/ b
= 800V
From Huo et al. (2017) JPD 50 354003 §
Experimental data from Anders et al. (2007) JAP 102 113303 E]O
g \ LA AR Igse |
8% 200 00 tlus

(b)
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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 45 012003

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 z 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 a 00 E 4<;O t

(b)
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Ionization region model of HiPIMS

o For discharges with Ti target the peak
current is far above the critical current
(up to 650 A, while I ~ 19 A)

o However, this discharge shows close to a
50/50 combination of self-sputter
recycling /ss_rccyclc and working
gas-recycling /s recycle

o Almost 2/3 of the current to the target is
here carried by Art and Ti?*-ions, which
both can emit secondary electrons upon
target bombardment, and this gives a
significant sheath energization

I, total
600

400+

|
b

200
,Tit
I, se
0 L

200

@
300+ [\l total
200
1, Art
00} \
I, it
0 I"‘se
0 200
(b)

Ar
1, Ti

Discharge current contributions [A]

IS
S

0 t[us]

Discharge current contributions [A]

From Huo et al. (2017) JPD 50 354003
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Ionization region model of HiPIMS

o Recall that singly charged metal

ions cannot create the secondary 0al
electrons — for metal self-sputtering
(vse is practically zero)

o The first ionization energies of
many metals are insufficient to 2ol
overcome the workfunction of the o

03|

02

vse (electrons/atom)

most relevant
to HIPIMS

target material 0

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

v T T T
2000 4000 6000 8000
Kinetic energy of primary ion (eV)

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 For this system I;; = 5 A

s

o In the metal mode Ar* and
TiT-ions contribute roughly equally g
to the current — combined e w0 we o s
self-sputter recycling and e
working gas recycling &

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]
a
3

From Gudmundsson et al. (2016) PSST 25(6) 065004 tlus]
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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

°

e
3
<

o
o
&

Ohmic heating fraction
°
&

o

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

o In the metal mode Ohmic
heating is found to be 90 %
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

Ohmic heating fraction

50 100 150 t[us]

From Huo et al. (2017) JPD 50 354003
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Ionization region model of HiPIMS

o Ohmic heating is also very
significant in dc magnetron
sputtering discharges
o The relative contributions to the Lo
total ionization ¢ due to Ohmic ¢
heating, tonmic, and sheath
energization, Lsheath é
o A blue circle marks the HiPIMS
study modelled by Huo et al. (2013) 'iﬁi : i
o Note that this HIPIMS case sk eir iS B
consistent with the dcMS cases

T
g

oo sheath energization ]

cooo

SIELISS

From Brenning et al. (2016) PSST 25
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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

) From Brenning et al. (2017) PSST 2681

/g = lprim"‘/gas—recycle = lprim <1 + 1
— Ty
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Generalized recycling

o The total self-sputter current is

gas atoms

target
Iss = 1 (Yg _TSS >
Yss 1 — mss

atoms + ions
where the self-sputter parameter is

mss = i Yss

o The total discharge current is

process gas ,
recycling 9

self-sputter
recycling

[ gasions
/D = lprim + /gas—recycle + /SS

[ tergetions
Y,
= /prim <1 + Te ) (1 £
1—mg

From Brenning et al. (2017) PSST 26 125003.
Y 7TSS>
Yss 1 —7ss

[ P
] wroetotoms

[ e
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Generalized recycling

o The discharge current

/D = prim M gas—recycle M SS—recycle

©

Iim is the seed current that 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. (2017) PSST 2
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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. (2017) PSST 26
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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

Carbon

Y.e = 0.7 (360 V) - 1.4 (1000 V)

Y, =0.48 (950 V) - 0.53 (1200 V)

Q=
QO
w
-
@
Q
Q
o
@
—
O

From Brenning et al. (2017) PSST 2
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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

oo ozs MO,

oot [ wwtions [ st

From Brenning et al. (2017) PSST 2
[m] = =
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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

-80
0

- - - -
. e
L h LQH i
ol S k 2 |
20 201z
30} 1

—a0}
—s0}

Cathode current (A)

I

. . . L
100 200 300 400 500
Pulse time (us)

From Gudmundsson (2016), PPCF 58 0 4

Magnus.et al. (2012), JVSTA 30.050!
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Summary

o It has been demonstrated that Ohmic heating of the
electrons can play a significant role in conventional dc
magnetron sputtering discharges

o We used a ionization region model to explore the plasma
composition and the electron heating mechanism in a high
power impulse magnetron sputtering (HiPIMS) discharge

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 The fraction of the total electron heating that is attributable
to Ohmic heating is over 90 % in the HiPIMS discharge
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Summary

o For very high self-sputter yields, above approximately
Yss =~ 1, the discharges above [ 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.
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Thank you for your attention

The slides can be downloaded at

http://langmuir.raunvis.hi.is/~tumi/ranns.html
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