100

o
o

[+2]
o

N
(]

flux out of the IR [%]

N
o
T

| '
0 50 100 1580 200

Optimizing the deposition rate and ionized flux
fraction by tuning the pulse length in high power
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High power impulse magnetron sputtering
I(t)
| HiPIMS
& power supplied in pulses with

A high peak currents
””” 4_.// > t & high electron density

t toce & high fraction of target species ions in
the flux to the substrate

dcMS

on

ionization & improves certain film properties
region & density

Ti target 0 & film-adhesion

(cathode) y ..

Ar/Ti HiPIMS discharge

Anders, J. Appl. Phys. 121, 171101, 2017

Gudmundsson et al., J. Vac. Sci. Technol. A 30(3), 2012 I ‘ M
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Loss in deposition rate

Emissive probe measurements of

the plasma potential & extended presheat
. &7 electric field directed towards the target
507 ettt Wt & in the ionization region
75- A cee.oe * o .
< —10.0: I~ L . . Mo -
5-12.5: _ v o .. .
é -15.0-_ . ;'. o ] g-:eldcnnfrjguration‘l 5 prlnCIDaI Ca Use for the IOSS IN
a 1 % — e B-field configuration 2 o
E ';;z‘ _ . 4 B-field configuration 3 depOSItIOn rate
S 5] |1 © # high probability of target species
250 s’ ionization a,
-27.5 T T T . T T T T T T | . . . . . . .
0 10 20 30 40 50 60 70 80 90 100 110 & electric field in the ionization region
4 Axial distance from cathode (mm)

target surface

Mishra et al., PSST 19, 045014, 2010
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Deposition rate and ionized flux fraction

& material pathways model (Christie, 2005)

substrate
A& ionization probability of target species a,
neutrals ions & probability of target ion back-attraction 6,
1-a, a(1-B) # deposition rate Fiep =1 — afe
(sputter-rate normalized)
ionization a,B;
region . ] _
& A& ionized flux fraction: g 1)
(1-a¢fr)

Goal: Increase deposition rate while not

compromising the ionized flux fraction

Christie, JVSTA 23 (2), 330, 2005 4 I é M
Rudolph et al., JAP 129, 033303, 2021



Case study I: constant 6, variable a,

dcMS HIPIMS
MPPMS
V4 les with the dischar rren
Jo = (001 045 05 10 Aom? a, scales with the discharge current
')} A S T R 1.0
os 6.=0.87 os & increased deposition rate is linked to
a lower ionized flux fraction
o 06Ff / 406
- / X
2 deposition rate / . E
"L o04f {04 L o '
| For a constant 6,, it is impossible to
0.2} 10.2 Increase the deposition rate without
—ionized flux fraction | compromising the ionized flux fraction.
0.0 b————— . 0.0

00 02 04 06 08 10
o

Brenning et al., JVSTA 38, 033008, 2020
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Case study Il: 8, as a single figure of merit for HiPIMS discharges

high back-attraction case low back-attraction case
10 T T T T T T T 10 10 T T N T T T T lO
_ ~ | o B _

0.8} B =0.95 {o.8 2 08¢ p=0.8 o8 3

0.6f 10.6

0.457- - - lo4

O T m s s s s - - 0.3

0.2f 0.2

. r T r T r T r . OO T T T T T T T OO

0.6 0.7 0.8 0.9 1.0 0.6 0.7 0.8 0.9 1.0

A low target ion back-attraction 6, gives a better combination of Fy,, and F

6. can be used as a single figure of merit for a HiPIMS discharge.

Brenning et al., JVSTA 38, 033008, 2020 6 I 0 M



discharge current /5 [A]

Making use of the afterglow to lower the ion back-attraction

{

0 | 100
time [us]

Butler et al.,

200

PSST 27, 105005, 2018

&7 B, is an average value for one period

6.(t) = B, puse during the pulse
t 0 in the afterglow

& increase the relative contribution from
the afterglow to the deposition rate

Idea: Shortening the pulse length while keeping
the peak discharge current high.
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Y /40 ///7////40 /7774
The ionization region model (IRM)

& time-dependent global discharge model of
the ionization region of a HiPIMS discharge

& well-knowns: pressure, gas, target, geometry,
I t,0R I tn,OR fm“? tn,0r Gl ti,0R collision rate coefficients, diffusion rates
~_ /:,fiun meter

"-\._\. "
.

z,- 18 & unknowns:

= target ion back-attraction during pulse 8

v i ] t,pulse
T sput = electric potential drop over the IR: V|,

racetrack
"

s & requires experimental input
= U(t) and /(t)
" jonized flux fraction Fg,,

IRM provides a,and 6, of an
experimental discharge

Raadu et al., PSST 20, 065007, 2011 Huo et al., J. Phys. D 50, 354003, 2017 3 I é M
Rudolph et al., JAP 129, 033303, 2021 Lundin et al., PSST 24, 035018, 2015



discharge current /5 [A]

Modelling the afterglow |

& modifications to existing IRM :

l 6.(t) = B.,use  during pulse
: t 0 in the afterglow

200
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cathode voltage [V]

-100 -
-200 —
-300 —
-400 —
-500 —
-600 —

-700

0 20 40 60 80 100 1R0
pulse length [ps]

Experimental input to the IRM

80 —

60

discharge current | [A]

41 A

—— 100 ps| |

—— 80 ys

——60ps | |

—— 40 ps

Black: Original discharge with 100 us-long pulse

Hajihoseini et al., Plasma 15 (2), 2019

& Original discharge: 100 ps-long pulse (Haji. 2019)
A&7 4" Ti target
4 300 W average power
& 41 A (and 76 A) peak discharge current

& Virtually cutting the pulses short

t,uise = 100ps, 80 ps, , 40 us

& Discharge evolution follows the experimental one
until the pulse is virtually switched off

& Discharge current at end of pulse remains
(close to) constant

o |OM



flux out of the IR [%]

Result for a 100 ps-long pulse

flux of film-forming material (Ti, Ti*, Ti**)
out of the IR during one HiPIMS pulse

100 —/————— R o . :
- & jump in ion flux when pulse is switched off
NEY 100 s . :

a0 | : = |oss of ion back-attraction
= jon production ceases slowly only
60 - .
40 afterglow |
20 - .
Z Ti%* x 10
0 1 1 1 1 !

0 | 50 100 o 150 ll 200
pulse length [us]

Rudolph et al., PSST 29, 05LT01, 2020 11 I 0 M



Result for a 100 us-lon/

ion current (a.u.)

r|| E {b} 1
'| p=0.5 Pa
| :
| I il
. I 3
iy Tit Art - ;
o hﬁu:hhﬁ_gﬁl 2 . & Experimental support by Breilmann et al.
1 H e A .
{i "f_i_/__’_::_*\i " time-resolved mass spectrometry
— | | e = peak inion current after end of pulse
100 200 300 400 500  &00 ] ] ]
time {jis) = explained by acceleration mechanism

from jump in plasma potential

Breilmann et al., J. Phys. D 46, 485204, 2013 12 I M



Shortening the pulses

100 T 100 T 100 T T T T
| (a) ' - (d)
100 ps 60 s [ 40 us
< 80r ] — 80F . < 80
&, 2 &, [
o o o
2 e ) o 60f ] e s0 ]
S 3 S
| L _ = -} L _
g 40 afterglow 3 40r i 3 40
3 3 3
— = —
20 -* I 20 L ] 20 -* I
I Ti?* x 10 ; I 2
0 1 L 1 N L L 1 " N N - | ) ) . ) 0 1 L L 1 T L L L N | N L L n
0 50 100 150 200 0 100 150 200 0 50 100 150 200
pulse length [us] pulse length [us] pulse length [us]

flux of film-forming material out of the IR for different pulse lengths
& lower flux during the pulse

& constant flux during the afterglow

Growing contribution to the flux out of the IR from the afterglow with shorter pulses.

Rudolph et al., PSST 29, 05LT01, 2020 13 I 0 M



Contributions to the deposition rate

Contribution from pulse and
afterglow to the deposition rate

100 L 41 A’frompu|se 100 Shorter pUIseS glve---
03 41 A, from afterglow / . . .
i /4 1 & growing contribution from afterglow
S 80+ - H80 —
g / &, faster decrease in power/pulse compared to
! 60 S deposition rate
5 o
% _/ ~
o 40 / 40 K
= | /| !
T . . e, . . .
§ 20t . 20 Gain in deposition rate is possible for constant
i .
" (a) - average power (frequency to be increased)
NI} VAV,
0 20 40 60 80 100

pulse length [us]

Rudolph et al., PSST 29, 05LT01, 2020 14 I 0 M
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Rudolph et al., PSST 29, 05LT01, 2020

& Increasing the frequency to constant
average power

Increase in deposition rate by 40 to 50 %
Constant ionized flux fraction

& Side note: limit to decreasing the pulse length
given by the time to build-up a high n_ and the
typical time for ionization
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Internal discharge parameters a, and g,

w41 A ]
—a— 76 Al 1

40

60 80 100
pulse length (us)

—&—41 A

| A 76 A

’
,
|

accelerated drop in ionization ]
probabilty due to lower peak current

40

60 80 100
pulse length (us)

Shorter pulses

& decrease target ion back-attraction B, from larger
contribution of afterglow to the flux out of the IR

A&7 decrease ionization probability o,
= effect of shorter time for ionization
" jndicates limit for pulse length

Increasing Fgep = 1 — a¢f:.

Overall constant Fuy = —‘(”;(1;?))
—UtPt

and the pulse lengths investigated

for the discharge

Brenning et al., JVSTA 38, 033008, 2020 16 I 0 M
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Experimental verification

- I i 1 i 1 N 1 v 1 v 1 v (Ia.)'_. 40
[ 037 A/cm? :
-—"---X_' ':30
- 0.70A/c\m2 Tm.L :
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== 0
- (b);
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A — . A
i o 0.70 A fem? o _
& o
u — 8 —*
- o\ ’
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Tiin Ar|;

Pulse length [ps]

Shimizu et al., PSST 30, 045006, 2021

RHiPIMS/RdCMS [%]
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Time [ps]

6 circular magnetron with Ti target
pulse length between 15 and 200 pus
peak discharge currents between 0.37 and 1.1 A/cm?

Experiments verify the IRM findings.
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Conclusion and outlook

& Shortening the pulse lengths while keeping the peak discharge current high ...

& can partially recover the loss in deposition rate between dcMS and HiPIMS

& gives a constant ionized flux fraction for the discharges and the pulse
lengths investigated

(see Rudolph et al, PSST 29, 05LT01, 2020)

& Modelling results are supported by experiments
(see Shimizu et al, PSST 30, 045006, 2021)
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Appendix: HiPIMS optimization scheme VV

PROCESS |DISCHARGE FLUX
parameters | parameters | parameters

discharge current

o ionized flux fraction
magnetic field strength

working gas pressure

pulse length

Brenning et al., JVSTA 38, 033008, 2020 20 I M
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EEPF (eV** m?)

Appendix: EEPF in HiPIMS discharges

1018 ...................
IRM: OBELIX:
[ ---5puys  ——Sups
P -==-30puys — 30ps
1015 A\ [T 80 “S — 80 us -

10°

0 100 200 300 _ 400 | 500
electron energy (eV)

secondary electrons

Rudolph et al., PSST 30, 045011, 2021

& IRM comparison to OBELIX"
& IRM assumes bi-Maxwellian EEDF
& Obelix solves the Boltzmann eq.

& Comparison shows a good match of
the electron energy probability
function (EEPF)

" Orsay Boltzmann equation for ELectrons
coupled with lonization and eXcited states
kinetics (OBELIX)
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