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Introduction — Magnetron sputtering

o Physical vapor deposition (PVD) refers to the removal of
atoms from a solid or a liquid by physical means, followed
by deposition of those atoms to form a thin film or coating

Gudmundsson et al. (2022) PSST 31 083001

o Sputtering, which is dominated by magnetron sputtering, is
the most widely used such technique

Gudmundsson and Lundin (2020) in High Power Impulse Magnetron Sputtering Discharge, Elsevier, 2020

o Magnetron sputtering has been a highly sucessfull

technique that is essential in a number of industrial
applications
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Introduction — Magnetron sputtering

o A magnetron sputtering discharge is a magnetically
enhanced diode sputter tool, based on magnetically
trapping electrons in the cathode vicinity
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Gudmundsson and Lundin (2020) in High Power Impulse Magnetron Sputtering Discharge, Elsevier, 2020
o Magnets are placed at the back of the cathode target with
the pole pieces at the center and perimeter

o The electrons undergo numerous ionizing collisions before
being lost to a grounded surface
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Introduction — Magnetron sputtering

o Magnetron sputtering has been the workhorse of plasma
based sputtering methods for almost five 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
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Introduction — Magnetron sputtering

Kateb et al. (2019) JVSTA 37 031306
o For many applications a high degree of ionization of the
sputtered vapor is desired

o controlled ion bombardment of the growing film
the substrate

o ion energy — can be controlled by a negative bias applied to
o collimation — enhanced step coverage
o lonized flux of the sputtered material introduces an

additional control parameter into the depmositggn process
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Introduction — magnetron sputtering
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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
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Overview
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The high power impulse magnetron sputtering discharge
(HiPIMS)

Thin film deposition
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The ionization region model (IRM)
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Working gas rarefaction
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Electron power absorption

Deposition rate vs ionized flux fraction
Recycling in HIPIMS discharges
Summary
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The high power impulse
magnetron sputtering
discharge (HiPIMS)
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High power impulse magnetron sputtering discharge

o In a dc magnetron sputtering 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 To keep the thermal load below the target .|
damage limit the power density can be -
increased as the duty cycle is shortened

o High power pulsed magnetron sputtering
(HPPMS)

o High power impulse magnetron sputtering 0 ; h
( H | P I M S) Peak power density (kW/cm2)
o a pulse of very high amplitude, an
. . . Gudmundsson et al. (2012) JVSTA 30 030801
impulse, is applied to the cathode and a

" Q  Power density limits
long pause exists between the pulses Pt = 0.05 kW/cm? deMS limit

o Modulated pulse power (MPP) pr = 05 e HPIMS i

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)

|

Duty cycle (%)

0.1+ dcMS range | HPPMS range




Thin film deposition
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Thin film deposition

o In HiPIMS deposition, the high fraction of
ionization of the sputtered species has
been shown to lead to

o the growth of smooth and dense films

o enable control over their phase
composition and microstructure

o enhance mechanical and optical properties#;

o improving film adhesion ]

o enabling deposition of uniform films on
complex-shaped substrates

o For optimization of HiPIMS thin film
deposition processes, quantification and
control of the fraction of ionization of the
sputtered species are for obvious reasons
key requirements

dc magnetron HiPIMS
After Alami et al. (2005) JVSTA, 23 278
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Thin film deposition

o The film mass density is always
higher when depositing with
HiPIMS compared to dcMS at the
same average power

o The surfaces are significantly

smoother when depositing with
HiPIMS compared to dcMS

[ pcms
25 | A HiPIMS

. Bulk

Density [ 103 kg m?®]
o

Al Ti zZr Cr Cul Ag Ta Pt
Element

From Samuelsson et al. (2010) SCT 202 591
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Thin film deposition

o TiN as diffusion barriers for
interconnects

o HiPIMS deposited films have
significantly lower resistivity than
dcMS deposited films on SiO, at
all growth temperatures due to
reduced grain boundary
scattering

o Thus, ultrathin continuous TiN
films with superior electrical
characteristics and high
resistance towards oxidation can
be obtained with HiPIMS at
reduced temperatures

07100 200 300 400 500 600
4,(5)

Film resistivity (1Qcm)

0 100 200 300 400 500 600
Growth temperature (°C)

From Magnus et al. (2012) IEEE EDL 33 1045
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Thin film deposition
o There is a drawback o b
o The deposition rate is lower for HiPIMS i
when compared to dcMS operated at the
same average power |

o The HiPIMS deposition rates are typically o
in the range of 30 — 85% of the dcMS
rates depending on target material

o Many of the ions of the target material are
attracted back to the target surface by the
cathode potential

From Samuelsson et al. (2010) SCT 202 591
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The ionization region model
(IRM)
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Ionization region model

o The ionization region model (IRM)
is a time-dependent volume
averaged plasma chemical model
of the ionization region (IR) of the
HiPIMS discharge

o The IRM gives the temporal
evolution of the densities of ions,
neutrals and electrons

o The IR is defined as an annular
cylinder with outer radii r,, inner
radii r,; and length L = 2o — 7y,
extends from z; to z, axially away
from the target

3 x\\\\\\@/)r

The definition of the volume covered by the IRM 5

Detailed model description is given in Huo et al. (2017) JPD 50 354003 From Raadu et al-(2011):PSST 20 065007
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Ionization region model

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 (except electrons)

o The species assumed in the non-reactive-IRM are

o cold electrons €€, hot electrons e'!

o argon atoms Ar(3s23p®), warm argon atoms in the ground
state ArY, hot argon atoms in the ground state Arf, Ar™
(1ss and 1s3) (11.6 eV), argon ions Ar™ (15.76 eV), doubly
ionized argon ions Ar>* (27.63 eV)

o Metal atoms, sometimes metastable states, metal ion M™,
and doubly ionized metal ions M3+

Detailed model description is given in Huo et al. (2017), JPD 50 354003
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Ionization region model

o As an example the particle balance equation for the metal

ion M+ is
dny+ ¢ h
T Kz et 4 Ky melv + - Kp iz Nam My

~—
electron impact ionization Penning ionization

h
+ kchexc,l YN kchexc,ZnMH Nar — kiCZ7M+ Ne M+ — kiz,M* Ne Myi+

charge exchange

electron impact ionization to create M2+
RT BP

My + My (SR — Srr)

VIR

ion flux out of the ionization region
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Ionization region model
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Rudolph et al. (2021) PSST 30 045011

o The IRM uses two sets of rate coefficients, one for a cold
and another for a hot electron group

o The rate coefficients are determined assuming a
Maxwellian EEDF and fit in the electron temperature range:

o 1—7 eV cold or primary electrons
o 200 — 1000 eV hot or secondary electrons
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Ionization region model

o The IRM is a semi-empirical discharge
model and requires the measured discharge
current and voltage waveforms

o The IRM has three unknown fitting
parameters

o the ion back-attraction probability for the
metal ions f; puse and gas ions B, puise

o the potential drop across the IR f = Vig /W)

o the electron recapture probability r = 0.7

o This leaves the (5 puise, f) parameter space
to be explored through the model fitting
procedure — the blue zones in the fitting map
indicate the smallest mean square error

Tungsten target from Suresh Babu et al. (2022) PSST 31 065009
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Ionization region model

o The temporal evolution of the neutral
and ion densities in a discharge with R ™
tungsten target

o The ground state working gas argon
atoms dominate the discharge and
its density decreases steadily to a
minimum at the end of the pulse —
working gas rarefaction

o Initially, the Art ion is the dominating
ion but soon the W™ ion takes over
and remains the dominating ion
towards the end of the pulse N -

From Suresh Babu et al. (2022) PSST 31 04
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Ionization region model

o The temporal evolution of the .
discharge current composition at the . ©
target surface

o The initial peak in the discharge
current is due to Art ions

o Later Wt ions take over as the
dominating charged heavy species, @
as the initial Ar™ peak decays

o This is more pronounced for the
higher discharge voltages as the
contribution of the W+ ions to the
total discharge current at the target
surface increases with increased
discharge voltage

Current [A]
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Ionization region model

o The ionization probability oy increases
with increased discharge voltage

o The back-attraction probability 3 puise
decreases with increased discharge

voltage

o The peak discharge current increases
with increased discharge voltage

o Earlier we have argued that the
ionization probability depends only on
the peak discharge current and
increases with increased peak

discharge current

Rudolph et al. (2022) JPD 55 015202

08

0.7F
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05

From Suresh Babu et al. (2022) PSST 31 065009
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Ionization region model

ol

Current [A]

ol | | L o . 7\
20 10 60 80 100 0 10 20 30 40 50 60 70 80
t [us] t [us]

W: PSST (2022) 31 065009 Cu: SCT (2022) 442 128189 C: PSST (2021) 30 115017

o The temporal evolution of the discharge current
composition at the target surface for three different targets

o With Cu target Cu* ions dominate, with graphite target Ar*
ions dominate




Working gas rarefaction
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Working gas rarefaction

o The sputtered species enter the 100F - - ™
discharge at considerable energy, sof 1
which is determined by the cohesive
energy of the solid target

1 — (nar/naro)
b
o
T
a
L

o The interaction between the energetic EE I
sputtered particles and the working gas OBV S |
atoms can lead to a reduction in the 0 ! 2 5
working gas density — as has been o e
observed experimentally in the HiPIMS From Barynova et al to be submitted

discharge

o The maximum in the degree of working
gas rarefaction, determined by the IRM,
for various target materials versus the
peak discharge current density Jp peax
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Working gas rarefaction

o HiPIMS discharge with graphite
target and Jp peax = 3 A cm~2
Eliasson et al. (2021) PSST 30 115017
o Argon atoms are lost mainly
through electron impact
ionization by primary and = anf e

50 100 150

t [ps]
secondary electrons

o Contributions of kick-out and
charge-exchange are negligible

o Diffusion contributes to a net
loss of argon atoms during the
pulse, but to a flow into the

ionization region after the pulse
is off

,

1

o o

on rates x 102 [m~3s7]

FromBarynova et al. {6 be submitted
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Working gas rarefaction

o HiPIMS discharge with tungsten
target and Jp pex = 0.54 A cm~3

Suresh Babu et al. (2022) PSST 31 065009

o The main contributor to the loss
of argon atoms from the IR is
kick-out by tungsten atoms
sputtered from the target (39 —
48 % contribution)

o The second most important loss
process is electron impact
ionization by secondary
electrons followed by electron
impact ionization by the primary
electrons

m9s]

24

1

Reaction rates x 10* [m~%s

Reaction rates x 10

+ss Sputter Ar'l
L L

50 100 150
s

200 250 300

.

50 100 150
t [us)

FromBarynova et al. {6 be submitted

L L
200 250 300
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Working gas rarefaction

o The relative contributions of the various
processes to working gas rarefaction
varies greatly depending on the target
material

o The various contributions versus the
atomic mass of the target material for

Fractional cor

JD,peak ~1 A/Cfn2 0 0 00 150 200
o Electron impact ionization by primary
electrons is rather significant for a From Barynova et al. to be submitted

graphite target, but its role decreases
with increased atomic mass

o The role of kick-out, or the sputter wind,
increases with increased mass of the
target atom




Electron power absorption
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Electron power absorption

Cathode Negative Anode
layer(s)  glow Positive column 91O

Cammﬂe

Aston DS Cathode DS Faraday DS Anode DS
(Crooke Hittorf)

T. J. Petty, LPGP, Université Paris Sud
Gudmundsson and Hecimovic (2017) PSST 26 123001
o A dc discharge with a cold cathode is sustained by
secondary electron emission from the cathode due to ion
bombardment
o The discharge current at the target consists of electron
current /. and ion current /; or

b=1L+1k= 11(1 ""Ysee)

where 7, is the secondary electron emission coefficient
o Note that v, ~ 0.05 — 0.2 for most metals, so at the targetfH
ion current dominates
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Electron power absorption

o These secondary electrons are 10
accelerated in the cathode dark
space

o They must produce sufficient 5
number of ions to release more
electrons from the cathode 0k 1

o The number of electron-ion pairs 0’ o 10°
created by each secondary
electron is then Gudmundsson et al. (2016) PSST 25 065004

Vb
N~

where & is the energy loss per
electron-ion pair created
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Electron power absorption

o In magnetron sputtering effective
secondary electron emission coefficient Hiagnron sputarin: v pysis s ppcation

Vsee,eff = mee(1 - r)'ysee

where r is the recapture probability

o To sustain the discharge the condition
Thornton (1978) JVST 15(2) 171

'Ysee,effN =1

defines the minimum voltage

Ee

VD min —
’ BPYsee,eff

referred to as Thornton equation
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Electron power absorption

o We can rewrite the Thornton equation

1 Bme.(1 —r) O D
VD = T’Vsee : u jﬁ
o A plot of the inverse discharge PR ' ek
voltage 1/, against 7. should then ittty ¢
give a straight line through the origin A |
o Depla et al. measured the discharge P |
voltage for 18 different target S
materials ==
o It can be seen that a straight line R e

indeed results, but that it does not
pass through the origin

From Depla et al. (2009) TSF 51
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Electron power absorption

o We have proposed that the intercept is due to Ohmic
heating

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

1 . Be?m“ — f)(1 — (51]{) €g</e//D>IR51R
VD = S(I:_I Vsee + gg
a b
or
1
VD = QYsee T b

o We associate a with hot electrons ell, sheath acceleration

o We associate b with the Ohmic heating process and cold
electrons ¢
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Electron power absorption

o The fraction of the total ionization
that is due to Ohmic heating can be
obtained directly from the line fit
parameters a and b or as a function

1F& T T T L=

of only the secondary electron yield N 1

0.8f 0N sheath energization ]

YSE Lof ":»‘ 4

LOhmlC — b 50'6- \-

_ <, 0.5F 4

Ltotal ansg + b ol ]

o The fraction of the discharge e oi s | onmoneang ]
. . . 0.4 Pa, 0.6 A

voltage that falls over the ionization B ]

region 5 T o1 o oo
"IS

IR = Vir =0.15-0.19
Vo
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Electron power absorption

o The presence of a transverse

magnetic field enables a potential Je g
drop to exist outside the cathode | - 2 o
sheath - g U o b -

o A potential Vsy falls over the sheath, ? TR IS
and the rest of the applied voltage,
Vir = Vp — Vag, falls across the From Brenning et al. (2016) PSST 25 065024

extended pre-sheath, the ionization
region (IR), éir = Vir/ Vb

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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Electron power absorption

o Applying the ionization region model
(IRM) to a HiPIMS discharge

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

o

e
S
@

o
]
o

Ohmic heating fraction
o
&

=)

o The domination of Alt-ions, which o W0 0
have zero secondary electron
emission yield, has the From Huo et al. (2017) JPD 50 354003

consequence that there is negligible
sheath energization

o The ionization threshold for twice
ionized AI’T, 18.8 eV, is so high that
few such ions are produced
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Electron power absorption

o For a Ti target 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

100 150 t[pus]

From Huo et al. (2017) JPD 50 354003
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Electron power absorption

o There are indications that the ,
ratio of Ohmic heating to sheath SN
heating changes depending on "
the magnetic field configuration

o Magnetron assembly with
definitions of the parameters B,
and z,,1, and the distance
coordinates z- and zg for the
central (C) and the annular edge
(E) magnet with respect to their
closest position to the rear of the
target

—Wn 2

From Rudolph et al. (2022) JPD 55 015202
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Electron power absorption

o To describe the magnetic field we use a 2
constructed parameter Zy,p = Zc + Zg A
instead of the ‘classical’ magnetic field !
parameters B, and Zy

o We analyze discharges with Ti target -
with adjustable confining magnetic field ol
Hajihoseini et al. (2019) Plasma 2 201 Zgap [MM]

o The total power that is necessary to
heat electrons by Ohmic heating is only
10 — 20 % compared to the power
needed to heating electrons by the
same amount in the sheath

B, [mT]
>

From Rudolph et al. (2022) JPD 55 015202
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Electron power absorption

o Ponm/(Pomm + Psu) versus the
magnetic field parameter Zy,,

o For increasing zy,, (lower
magentic field), the fraction
Ponm/(Ponm + Psu) decreases —
in line with the increase in pulse
power

o Ponm/(Ponm + Psu) can be

regarded as a measure for
energy efficiency of a discharge

o o o
o ~ ®

{Poum / (Porm + Psu) )

I
3

e
O fixed current
0 fixed voltage

0 5 10 15 20

Zoap [

From Rudolph et al. (2022) JPD 55 015202
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Electron power absorption

Zg,, = 0mm 5mm 10 mm
14 kw 16 kW 19 kW
— T ya
e y 94.8% P.
93.0% 93.8% ‘ o"
\ ) = Pohm

=P
S/ 51%\ q_ﬁu/o\ (‘37/356 SH
pNG=s 19% Ok 1 7%

From Rudolph et al. (2022) JPD 55 015202

o The use of the pulse power for different values of zy,

o ion acceleration (Piop)
o Ohmic heating (Ponm)
o sheath energization (Psy).

o Most of the pulse power (Pyuse) is used to accelerate ions
and this power is finally dissipated in the target as heat

o The fraction of the pulse power that is absorbed by the
electrons decreases for higher values of z,, and more
energy is spent on heating up the target
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Deposition rate vs ionized flux
fraction
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Deposition rate

o The Ti deposition rate and the

ionized flux fraction are measured
using a gridless ion meter (m-QCM) S o
Kubart et al. (2014) SCT 238 152 E ‘i :
o The ion meter is mounted on a probe i I
. < z
holder which can be moved around R A
within the chamber ol B s
o The Ar working gas pressure was set Vacuum r

to1 Pa

o In all cases the pulse width was
100 us at an average power of 300 W
o The confining magnetic field is varied
by moving the magnets
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Deposition rate

o The Ti deposition rate recorded at
substrate position using a gridless
ion meter (m-QCM)

Q
+10% with decreasing |B|
(but no obvious trend)

o HiPIMS fixed voltage
+110% with decreasing |B|

o HiPIMS fixed peak current
+40% with decreasing |B|

o In HiPIMS operation the deposition
rate increases with decreasing |B|

E120F ]
E @ ° ° o
<100 o [ o J
= ¢ o
Y 80F ¢ B
= ¢
? 60 MR E
o
£ aof " o g § o
g a
L o dcMS J
E 20 ¢ HiPIMS fixed voltage
of ,@ HiPIMS fixed current _

100 125 150 175 200 225 250
B, [Gauss|

From Gudmundsson (2020) PSST 29(11) 113001

based on Hajihoseini et al. (2019) Plasma 2 201
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Deposition rate — Ionized flux fraction

o lonized flux fraction recorded

o T T T T T T
Always around 0 % ¢ © = = o
(Kubart et al., 2014) ] ¢

o HiPIMS fixed voltage =l N =
—75% with decreasing |B| £ L ¢

o HiPIMS fixed peak current S e 1
+50% with decreasing |B| RS vt b S

o The ionized flux fraction decreases T e

with decreasing |B| when the HiPIMS
discharge is operated in fixed voltage  From Gudmundsson (2020) PSST29(11) 113001
mode but increases in fixed peak based on Hajihoseini et al. (2019) Plasma 2 201
current mode

o Opposing trends
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Deposition rate — o and [,

o Low deposition rate is the main drawback of this sputter
technology and hampers its use for industrial applications
o The main reason for the low deposition rate of the HiPIMS
discharge is suggested to be due to the back-attraction of
the ions of the sputtered species to the cathode target
o Increased deposition rate in HiPIMS often comes at the
cost of a lower ionized flux fraction of the sputtered
material
o Two internal parameters are of importance
o oy — ionization probability
o [, — back-attraction probability
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Deposition rate — o and [,

o We can relate the measured quantities normalized
deposition rate Fpg spuc and the ionized flux fraction Fi gux

r
FDR,sput = % = (1 - atﬁt)
0

MRjons  Toa(1 —53)  o(1—5)

rDR,sput B I_0(1 - Oétﬁt) B (1 - Oétﬁt)
to the internal parameters back attraction probability 5,

Fti,ﬂux =

_ 11— FDR,sput
1— FDR,sput(‘I - Fti,ﬂux)

and ionization probability o

B

o =1- FDR,sput(‘I - Fti,ﬁux)

Hajihoseini et al. (2019) Plasma 2 201 and later refined by Rudelph et al. (2021} JAP. 129 033303
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Deposition rate — Optimization

o There are two measures of how good
a HiPIMS discharge is:

o the fraction Fpg . Of all the
sputtered material that reaches the
diffusion region (DR)

o the fraction F g« Of ionized species
in that flux

o There is a trade off between the
goals of higher Fpg spuc and higher
Fti,ﬁux

o The figure shows Fpg spur aNd Fi flux
as functions of o, at assumed fixed
value of 5, = 0.87

dcMS
MPPMS

Jp= [0.01

1.0

HiPIMS

0.15 [0.5/[1.0 A/cm?
i [

0.8

06

FDR‘sput

0.4

0.2

[{os

1.0

From Brenning et al. (2020) JVSTA 38 0B30IX

02 04 06 08

%
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Deposition rate — Optimization

o For a particular application an ionized flux
fraction of 30 % is suitable but

0.8 S ﬁt S 095 0.8} 7—22?}25 ///‘/‘ 0.8
o If the back-attraction can be reduced to rd v
B¢ = 0.8 the deposition rate is increased iE
o The solid lines show that reducing the -
back-attraction to 5, = 0.8 where a, = 0.69 . 1o
is sufficient to maintain F g,x = 0.30 (red o
circle) Fpr,sput = 0.45 or a factor of three
increase in the deposition rate From Brenning et al. (2020) JVSTA 38 033008

o The question that remains:
o How can we vary the ionization probability
oy and maybe more importantly the
back-attraction probability g; ?
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Depostion rate — o and [,

o The internal discharge
parameters oy and S, from the
ionization region model (IRM)

o The ionization probability o
increases with increased
discharge current

o The ion escape fraction
(1 — B;) versus the magnetic
field strength

From Rudolph et al. (2022) JPD 55 015202

®)
08
06 g
g 7" 1 -exD(- Ky I o+ Ks o pea)
04r \ q
028 1-exp(- Ky I poq)
0.0 . . v
0 20 40 60 80
/D.peak [A]
0.20
(b) = fixed current
linear fit
=
@ 0.16
£
g
f 0.12
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Deposition rate — Pulse length

o For the same average power, shorter

pulses give higher deposition rate than A
longer pulses s
o To maintain the same average power the , o o m
repetition frequency is varied o . .
o Shortening the pulses does not affect 0 D
the ionized flux fraction, which remains o .
essentially constant R
o with shorter pulses, the afterglow L mewerm B e mere>
contributes increasingly more to the e/ i/
total deposition rate i i
o the ionized flux fraction from the [ R e .

afterglow is typically higher compared
to that during the pulse due to absent
back-attracting electric field

Rudolph et al. (2020) PSST 24



Deposition rate — Pulse length

By switching-off the cathode potential
during the afterglow decreases the
effective 5,

B decreases with decreasing pulse length
The relative contribution of the afterglow
ions to the flux toward the DR increases
steadily for shorter pulses

The ionization probability «, also
decreases with a shorter pulse length

The useful fraction of the sputtered
species therefore increases

DR
Fi DR,sput — I-i
0

= (1 - Oétﬁt)

0.9

08

07

0.6

0.9

08

O

07

0.6

05

Brenning et at. (2020} JVSTA=38 033008
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Deposition rate — Pulse length

o These findings have been confirmed

experimentally T 30F skl
. . . é 25l ‘0..37A/t:m2 g
o 6“circular target with Ti target L) Rty S i
o The pulse length is in the range of 15— § o *5-+-< e 0175
. ‘0 1.10 A /cm* 10 =
200 us, and the peak discharge current £ i o, ©
density Jp peak = 0.37,0.70,1.10 A/lcm? o5~ IR
ajusted the the discharge voltage D e
o The average sputtering power delivered oz s 2
to the target was kept at 1 kW by o ' Friin Ar]

adjusting the pulse repetition frequency O o oy 178 20
in the range 85 — 980 Hz

Shimizu et al. (2021) PSST 29 045006
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Recycling in HiPIMS
discharges




On Electron Heating, Deposition Rate, and Ion Recycling in the High Power Impulse Magnetron Sputtering Discharge

Recycling in HiPIMS discharges

<

E (a) I, total
006

2 Iy ArT
€

go4 360V
g

g

30.2H

[

<y

] I Al se
20

a o 200 400 t[us]

Discharge current contributions [A]

<
(b) [\, total 2
S
L 400V ]
4 520
€
o
S
I, Art @10
E
5
% |
& I, Ar 1 AR | se |
Ip A I, 5 J‘:é o \L /o o= |
0 200 400 t[ps] a0 200 400 t[ps]

o A non-reactive discharge with 50 mm diameter Al target
o Current composition at the target surface

Experimental data from Anders et al. (2007) JAP 102 113303

From Huo et al. (2017) JPD 50 354003
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Recycling in HiPIMS discharges

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

ks T,
2mTmy

lerit = SRt €pPq = Skt eng

27ngk]3 Tg

o Discharge currents I, 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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Recycling in HiPIMS discharges

o For the 50 mm diameter Al target the z 0
critical current is I =~ 7 A g4 ooy
o The experiment is operated from far g
below [ to high above it, up to 36 A. 5ol I, AT
o With increasing discharge current fyim m
. 5 I, Az \,Ise
gradually becomes a very small fraction ¥ oA
of the total discharge current Ip @
: : =z
o The current becomes mainly carried by o
singly charged Al"-ions, meaning that 22 w00y
self-sputter recycling or the current 8
Iss—recycle dOMinates £
From Huo et al. (2017) JPD 50 354003 g M /In AR | se
Experimental data from Anders et al. (2007) JAP 102 113303 8 00 700 4(;0 t

(b)
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Recycling in HiPIMS discharges

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

From Huo et al. (2017) JPD 50 354003

Discharge current contributions [A]

Discharge current contributions [A]

600

400

200

300

200

2+
D‘
I, se
—

I, total

Iy Ar*
1, Ti

200
(@)

IS
S

0 t[us]

00

0

I, total
1, A

r
I, Tizt
I, se

N

0

200
(b)




On Electron Heating, Deposition Rate, and Ion Recycling in the High Power Impulse Magnetron Sputtering Discharge

Recycling in HiPIMS discharges

o The total discharge current is

ID = lprim + /gas—recycle + /SS

Tg Y. Tss 1
= lprim <1 + T 7rg> <1 + % 1= 7rss> P':g; “reording
\[;V:r‘earr?] ;?eer\?éorking gas-sputtering ;;;;; \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ ;

Ty = 0t Be&puse

and the self-sputter parameter

mss = ot Yss
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Recycling in HiPIMS discharges

o With increased discharge voltage the
discharge with Al target moves from 1
the dcMS regime to the HiPIMS
discharge regime — type A

o A discharge with carbon target jumps 2 7
from the dcMS regime to the HIPIMS Y, %% &g o,
regime — both SS recycling and =
working gas recycling play a role —
intermediate type AB

o For reactive sputtering of Ti target in o o5 1
poisoned mode working gas recycling lgas-recycie /' Ip
dominates — type B

® Aluminium
Y4 =0.7 (360 V) - 1.4 (1000 V)

Carbon
'« = 0.48 (950 V) - 0.53 (1200 V)

From Brenning et al. (2017) PSST 26
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Recycling in HiPIMS discharges

o Recycling map for five different targets

with varying self-sputter yield Y26 (Co,630V) m
- = Yo = 1.1 (Al, 600 V) Ia;aj-lo
. 2|u YYSS _12‘i6 ¥,e = 0.7 (Ti, 600 V) g
Q X - SS — . :m 0.54----r- Yo=05
o Ti—Yss =07 K] y(c,;:)ioovgs Unstable:
Q C - YSS = 05 QL (s;xgz,'eoi)i/) Rising Io
o TiOp — Yss =0.04 — 0.25 0

0 0.5 1
Igas-recycle //D

o For very high self-sputter yields
Yss > 1, the discharges above [ are
of type A with dominating SS-recycling

From Brenning et al. (2017) 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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Recycling in HiPIMS discharges — copper

o The temporal evolution of the
discharge current composition at
the target surface for a peak
discharge current density 2 A/cm?

o A discharge with 2 inch copper
target — Iy ~ 3.8 A

o The Cu™ ion is the dominating
positively charged species in the
discharge

o The ionized flux fraction of copper
is roughly 32 %

25F Art (b) b
o _Ar2+

20¢ Cu* ]
_ _Cu2+

15 N See ]
—total

10F b

5F ]

0k i i N

Based on Gudmundsson et al. (2022) 4
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Recycling in HiPIMS discharges — carbon

o The temporal evolution of the
discharge current composition at the
target surface for a peak discharge
current density 2 A/cm?

o A discharge with 2 inch graphite
target — Iy ~ 7.6 A

o The Art ion is the dominating
positively charged species in the
discharge

o Less than 5 % of the total discharge
current is carried by C* ions

o The ionized flux fraction of carbon is
roughly 2 %




On Electron Heating, Deposition Rate, and Ion Recycling in the High Power Impulse Magnetron Sputtering Discharge

Recycling in HiPIMS discharges

o Recycling loops
o Discharge with Al or Cu target — SS
recycling dominates
o high self sputter yield

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

o low self sputter yield

25 " o5
——— ArH (a) - 7A1‘H (b)
- CAr Ar
20F ¢ 20F_cw
JrCe - -Cu?t
= 15 see ] F—
40 —total 10 —total // target [ = B
5 5
0 0 From Brenning et al. (2017) PSST

¢ [us) t [us)
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Recycling in HiPIMS discharges

o What determines the back-attraction
probability ?

1F o 1

o How can one influence the o ob 273 ® 1

back-attraction probability ? o6l g ]

o The back-attraction probability 5 puse, ;”O af ]

determined by IRM, versus the 0.2k § G wlamerirhEst 2
self-sputter yield for various target 8 W - Quresh Bapu ef of 2022

materials o.6< W \1\%\011 et (Lé 2023 é b

Yss

o The data indicate that the
back-attraction probability decreases
roughly linearly with increased
self-sputter yield
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Summary

o Ohmic heating of the electrons can play a significant role in
both dc magnetron sputtering discharge and in particular
HiPIMS

o There is an inescapable conflict between the goals of
higher deposition rate and higher fraction of ionized
species in the sputtered material flux

o In HiPIMS discharge operation there is always recycling:

o For high currents the discharge with Al or Cu 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 a poisoned Ti, or a graphite target the sputter yield is
low and working gas-recycling necessary at high currents
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Further reading

o J. T. Gudmundsson, Physics and technology of
magnetron sputtering discharges, Plasma
Sources Science and Technology, 29(11) =
(2020) 113001

o J. T. Gudmundsson, André Anders, and Achim ——
von Keudell, Foundations of physical vapor
deposition with plasma assistance, Plasma
Sources Science and Technology, 31(8) (2022) .
083001

o Daniel Lundin, Tiberiu Minea and Jon Tomas E
Gudmundsson (eds.), High Power Impulse
Magnetron Sputtering: Fundamentals,
Technologies, Challenges and Applications,
Elsevier, 2020
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