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using plasma to erode a target .

Substrate

(Anode)

Magnetron Sputtering:
° Bfield

* Confinementofe™

High * Low pressure &
density Better sputtering rate
Plasma <=

lonization Region
(IR)
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@ High-Power Impulse Magnetron Sputtering | 25
(HIPIMS)

« As opposed to conventional dcMS e
 low duty cycle and high peak power

dcMS I .
100 (Arc transition) Typlcal values:
TARGET
DAMAGE _ .
AMAG Up = 500~1000V
5
(=] / ~
g | Apw~ 100 ps
U -
: 3 O
s £ > P = 0.1~2 Pa
3 g £
o | g
| g ne > 101¥ m=3
T
0.1 dcMS range | HPPMS | range _ ,
< | > — > j>06Acm”
0.01 0.1 1 10
Peak power density (kW/cm 2)
= , 14e Journée Reseau Plasma Froid / Oct. 16,2018 / La
T. Minea 4
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@ Outlook ==

dépasser les frontiéres

1. HiPIMS plasma operation
- self-sputtering regime versus gas recycling regime

2. Neutral gas dynamics in HiPIMS plasmas
- 0D IRM (lonization Region Model)
- 2D DSMC

3. lon dynamics in HiPIMS plasmas
-0OD IRM
- 2D OHiIPIC (Orsay High density Particle in Cell)

4. Conclusions
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dépasser les frontiéres

1- HIPIMS plasma operation

self-sputtering regime vs. gas recycling regime

construire l'avenir®
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& I(t) versus V in HIPIMS?

40

30

20

107

dépasser les frontiéres

Al target e

[A) - C target
~~- 70— I T \
C 5 1 1200 V \
; S 60— : \\
I " \
) 'y g 50 1150 V \\_\
# € 40— N\
o
JT B 5 30—
. (@)
‘o 20 —-—
10~
> 0
: A A <360V 1100 V
\
0 200 400  t [us] = \ ot
T\—K? ‘\\ ;\\ ;\\ \\\ ;\\ .\\ 959\".% ‘\\
0 25 50 75 100 125 150 175 200 225
Time (us)
Huo et al., PSST 23 025017 (2014) A. Anders et al., J. Phys. D. Appl. Phys. 45 012003 (2012)
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& Initial picture

dépasser les frontiéres

Substrate Self-sputtering parameter e
Cu @ Ar

a; = 0.8,

B, =0.7,

and

Yoo =0.5

Tss = AfY s

a : ioniz. prob.
B : return prob.
Y, : self-sputtering yield

If [1 >1 # Self-sputtering regime!

A. Anders et al., J. Phys. D. Appl. Phys. 45 012003 (2012)
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W General picture 5=

GIM — Generalized lonization Model| @

Self-sputtering parameter

Gas-sputtering parameter

=08, Tgs = a5y
SS — . —_ —
B =0.7, HESS aprim — 11 fpulse — 1’

and &prim gaf:)tr??s atorf;g+e:ons ag —_ 0.7, ﬁg — 0.7’ Yg — 0.4

process gas
recycling

self-sputter
recycling

I:I gas ions - gas atoms

A. Anders et al., J. Phys. D. Appl. Phys. 45 012003 (2012) Gudmundsson et al., PSST 25 065004 (2016)
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@ I O n S re CyCI I n g prph i el
dépasser les frontiéres .
0<a<l, ¢
Gas-recycling iaua/u_a) e
, _ . T Metal-recycling
gas—recycle — priml__ng
I = ] ( Yg Tss )
Target current by gas ions S5 & \Yss (1- ss)
Is = Inrim + Igas—recycle = Iprim(1 + 1Z‘ig) Target current by metal ions

Total discharge current on the target I,

Ip ~ I =1 im +]1 blss = Do 1+ —5—) (1 4 &8
D i prim gas—recycle SS prim 1 — T[g YSS (1 — T[SS)

Iprim”gas—recycleHSS—recycle :

Brenning et al., PSST 26 (2017) 125003
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@ Relative contribution to | ==

dépasser les frontiéres

o
o
Dimensionless parameters e
Igas—recycle agPg
Iprlm 1_ CZng ’ ,prim
Iss agPg Yo aiBi¥ss
=1+ : 3l
Iprim 1-agfg/) \Yss (1—atPtYss) prim X lgas-recycle
. . . No /
Critical current (empirical)
Ierit = 0.38 SrTDg Y Y
Generallzed recycling SS-runaway
. . ID = Iprim'Hgas-recycle'Hss-recycle ’D(t) increasing
Sr IS the racetrack area in cm?, T T T T
and p, Is the pressure in Pa borim | [lgasrooyie| | s s
Huo et al., PSST 23 025017 (2014) Brenning et al., PSST 26 (2017) 125003
T=, T Minea 14e Journée Reseau Plasma Froid / Oct. 16, 2018 / La 11
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@ HIPIMS discharge regime e
| analysis

Dimensionless contribution to I,

..
fa

0T1T—T—T— —T \.
| 1200 V Carbon
8o | Ierit = 0.38 Sprpy = 3.9A
2= S0 = 1150 V
= 40— Yo Yss
S l_[SS—recycle 1+
§ 30— = YSS 1-— YSS
=B 0.69 0.52
9 (1 + 0.52 1-0.52 2.4
0
- S — [lss_recycle > 2 mMeans that the carbon-ion
| e ————— 1050 V o current Igg is larger than the gas-ion current.
e, 1000 V
N %50V —

But I increases by 16 times!!!
0 25 50 75 100 125 150 175 200 225

Time (us) ‘

Gas recycled is needed!!!

Brenning et al., PSST 26 (2017) 125003
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Comprendre le monde,
construire 'avenir®

Other targets HIPIMS

er les frontiéres

1-@— Y, = 2.6 (Cu, 630 V)
: _ Stable:
1 Y, = 1.1 (Al, 600 V) olateau Iy
Yes = 0.7 (Ti, 600 V) C @ 1150V does not operate in
1 self-sputtering regime
Al Y =05 ) . -
B ! (C, 1130V) | Unstable:
. : Yss = 0.04-0.25 /" Rising I,
X (TiO,, 600 V)
] U )
0—————— ,
0 0.5 1 ——
Igas—recycle/ ID Cu 0 1
Al 0.2 0.8
Ti 0.27 0.5
TiO, 0.54 0.16
Brenning et al., PSST 26 (2017) 125003
T Minea 14e Journée Reseau Plasma Froid / Oct. 16, 2018 / La 13
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@  Conclusion on HiPIMS
operation .®

* High Current operation is not necesserily due to the self-
sputtering in noble gas operation

* |n reactive mode:

* Metal mode: self-sputter recycling dominates, but only half of the
discharge current is carried by recycled metal ions (Ti*). Ar* ion current
recycled even smaller is present

* Poisoned mode: gas recycling is the dominant process
2/3 of Ar* ions are recycled

* During gas recycling T, increases and then /.

* The self-sputtering mode can really lead to the discharge
current runaway!

N 14e Journée Reseau Plasma Froid / Oct. 16, 2018 / La
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dépasser les frontiéres

2 - Neutral gas dynamics In

HIPIMS plasmas

IRM (lonization Region Model)

v 0D plasma modeling
v' 2D DSMC

construire l'avenir®

T. Minea

14e Journée Reseau Plasma Froid / Oct. 16, 2018 / La
Rochelle

15



UNIVERSITE

o) Background of IRM Srweus

(lonization Region Model)

0D HIPIMS Modeling

Back-attraction + gas recycling +

self-sputtering oot konst g
\/ gasatoms  target
prim +ions atoms + ions

dépasser les frontiéres

F M
z A s
1
Z
A
|
JD + A + JD process gas o self-sputter
r recycling ! recycling
1
e 7 1
v l
ol Ly . i

target (cathode) F
Strong E, — Steep potential hill for M* ﬂ PWR

N. Brenning et al., PSST. 21 025005 (2012)

pr—
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dépasser les frontiéres

t(us) t (us)
600 5'0 1(?0 1§O 2(?0 250 0 50 100 150 200 250
. (a) =] () gl Jomm
IRM assumptions ol e || A
< g Fpoyr = 0.280 . \ Fopr = 0:250
) o I W\ [43% L
e- are in Maxwell equilibrium (T_) TN ey
RWACT:
A d pl 10 \
veraged plasma parameters 05l (c)
over the IR volume € 06| IRM
04l locked model |
O
. 0.2}
pand Fpy,, are locked by experimental - A —
. 0.0 0.2 0.4 0.6 0.8 1.0
Up(t) and I(t); R A G
(d) too low F,, o -—.IrrR\idasure (e) too high g r'rge’v?sure
g 40-18%: s 'I'i'= 0.: 0.150 1 \ \‘ f—'}= o-: 0.085
IRM INPUT SN A S
- U(t)’ |(t); % Iso 1oto(us;50 200 2500 ,so 10;)“1 51)5(; 200 250

- Gas (Ar) Ty, p => Ny,
- Target : Ti, y

M. Raadu etal.,, P S S T. 20 065007 (2011)
C.Huoetal., PSST21 045004 (2012)

p—
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& Species included in R-IRM =in

Oépacacr ks roperes Reactive - lonization Region Model o
Ti target in Ar/O, mixture o
Global model: Balance equations for the main plasma species 9

* Electrons (hot & cold)

e Argon atoms in the ground state
— Warm argon atoms diffusing from the target at target temperature
— Hot Ar atoms sputtered out at a few eV

* Metastable Ar, Ar™ (1sc and 1s;) (11.6 eV)

e Argonions Ar* (15.76 eV)

* Titanium atoms Ti

e Titanium ions Ti* (6.83 eV), Ti?* (13.58 eV)

* Oxygen molecules in the ground state O,

* Metastable oxygen molecules O,(a'delta) (0.98 eV) and O,(b!sigma) (1.627 eV)

e Oxygen atoms in the ground state O(3P)

* Metastable oxygen atoms O('D) (1.96 eV)

* Positive ions 0,* (12.61 eV) and O* (13.62 eV)

* Negative ions O

N 14e Journée Reseau Plasma Froid / Oct. 16, 2018 / La
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R-IRM results - neutrals

dépasser les frontieres

Metal mode 10°f — _— ]

Particle density [m”]

Metal mode b

10; T T T T T T T T T T

— e e e e = = = = = —

Gas rarefaction Ar ~ 50% 10°F L Tn I e
Gas depletion O, ~ 75% : i ~

. ---A
Ny = No ool B o ]
{ ——Ti
1015;_ E -=-0, ]
b e 0
. 14 [ |E . | . | , | . | . | ]
o Poisoned mode 10 0 100 200 300 400 500
N ; t [us]
107 ¢ \/" 3
19 _ - _—.-.--__:_-T'_:__‘__'.:_.'-'.::.-.-..-__‘: S~o _ .
R Al Poisoned mode
10'° L G T SN -
I S L Gas rarefaction Ar ~ 85%
10 7 / /7 AW .
I N Gas depletion O, ~ 80%
- - T
10°F | R N7 < Noy
10" 'i -

1l s | L | L | s | ' 1
0 100 200 300 400 500

t[us] J.T. Gudmundsson et al., PSST. 25 065004 (2016)
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dépasser les frontiéres

\

Gas rarefaction in HIPIMS by

DSMC

UNIVERSITE

S PARIS

Comprendre le monds, mpmndm mmu ,
nnnnnnnnnnnnnnnn

Direct Simulation Monte Carlo o
o
ol
2.5 us 10 us 20 us 50 us 100 us 150 us
120
8 9.06+19-1.0E420
110
100 | WEOEH190.0E1S
. 90 87 0E+19.8.0E+19
U [ 80 B6.0E+19.7.06+19
- He—F FESEELES P
| '.\ : ,l r-{ !LZ i ‘ E] BS5.0E+196.0E+19
I N 1 M 1 Em 605 B A4.0E+19-5.0E+19
4 KUE ARSI | B o
By TR i s e { A LA 0 | o208+19408+19
F i H Lot E
A 18 inf ; CHf 0 | czevsacees
= P T 1 1¢
A I S 2 1.0E+19-2.0E+19
: e S o 10
N g0 = 3 00.06+00-1 0E+19
2 I R IP2R B |22 887¢
x[mm) X [mm] x [mm)

* Neutral plasma gas rarefaction occurs after 50 ps !

Kadlec. P Phys Polym 4 (2007) S419

=7
= T.Minea
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oy Gas rarefaction in HiPIMS by IRM e
Argon metastable

..
fa

Pulse width-
80 us

— 100 us ]
—— 120 ps |
— 140 s

— 160 ps |
— 180 us
——— 200 ps -~

Gas Experiment

refilling

n. (au.)

EXP

IRM
n . (a.u.)

0O 50 100 150 200 250 300 350 400
time (us)

* Neutral plasma gas rarefaction occurs after 50 ps !

Exp: Vitelaru et al. . PSST 21 (2012) 025010 IRM: Stancu et al. . PSST 24 (2015) 045011

p—
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@ What can we learn on neutral
gas dynamics in HiPIMS from .®
: e

OD modeling ?

* Currention composition !
* High current on the target means high erosion !

* Energetic particles coming from the target drag the gas out
of the ionization region (wind effect) !

* Gas refilling from the undisturbed volume !

14e Journée Reseau Plasma Froid / Oct. 16, 2018 / La
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Comprendre lo monde,
construire l'avenir®
dépasser les frontiéres

3-lon dynamics in HIPIMS
plasmas

OHiPIC (Orsay High density Particle in Cell)

v/ 0D IRM modeling

v 2D plasma modeling

14e Journée Reseau Plasma Froid / Oct. 16, 2018 / La
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® R-IRM results - ions
e | | | I\/Iletal mode_ b
Metal mode 10203 A TP T
. ) — =0, - o --—-0 3
 Artand Ti* ions dominate £ 10mf
* Ti%" ions have an order of ‘g 10°[ N
magnitude lower density @ qoUf e N
: - =T S 1N
« The O," and O* ion densities £ 10 Y -
much lower [ S S
y Poisoned mode 10" 0o 160 | 260 | 360 | 460\ | 560
10 % T T T T T T T T T T T % t[HS]
1020_ y
£ 107 Poisoned mode
§ 107 Ar* ions dominate the discharge
10" & : .. ..
S = Ti* and O* similar densities
& 10°L : n, - .
A __ The Ti* ion density low, but
Wb T Increases towards end of pulse
10 0 100 200 300 400 500
t [us] Lundin et al., J. Appl. Phys. 121(17) (2017) 171917
L)~ T Minea 14e Journée Reseau Pla;()nzijgid / Oct. 16, 2018 / La 24
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cpr) R-IRM results :

current contributions .®
fa

Metal mode Poisoned mode
— 80 T T T T T T T T T T T — 80 T T T T T T T T T T T
% ol — 1 total % 0L —1, total ]
5 L I
g e TV ) g 60 - 4
£ 50+ ——e TP £ 50+ -
(@) b (@) F
S a0t --1,0, 4 S 40t 1
5 Ll Flat current 0] 5 Ll ]
3 |, se 3 L i
g 201 7 g 201 current
S 10t . S 10t i
[$] [$] L A i
5 of - 8 of - S
0 100 200 300 400 500 0 100 200 300 400 500
t [us] t [us]

Metal mode Poisoned mode

« 50/50 of Art and Ti* Mainly Ar* (80%)

« (Gas-sustained self-sputtering 10% OF

0 12+
* 4 A) TI Gas-sustained SS: C. Huo et al., PSST 23 (2014) 025017 Lundin et al., J. Appl. Phys. 121(17) (2017) 171917
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Qermmm What Can We Iearn On ions i s
dynamics in HiPIMS from A
0D modeling ?

e Current rise means gas / metal ionization ! Substrate

* lon back-attraction fraction (3 =0.1-0.8) | r.
DR = Ty

e Estimation of the ion flux towards
the substrate !

+(Ddt

F — fpulse l_‘Ti
T 1 aise(Trpt (D4 () dt

14e Journée Reseau Plasma Froid / Oct. 16, 2018 / La
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D 2D OHIPIC model =

=== Orsay HIgh density plasma Particle-In-Cell model e

Debye length in HiPIMS z4
n,>108 cm3>10¥ m3=> 4, ~ 10 um (T, = 4eV)

Geometry (x, z), periodicin y
Cell dimensions: Ax, Az =10 um !!! s
Simulation volume: 2 x 2.5 cm?

Grid: > 10°% nodes
107 macro particles; 3D trajectories

Control parameters
Time step: At=5x101?s =~ 5x 1015
Simulated real time: 15 ps !!!

Simplified gas kinetics
Ar™, Ar* produced by e impact

p—
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Voltage (V)

UNIVERSITE

. S PARIS
D HiPIMS current Pis
experiment versus simulation

OHIPIC results compared to HiPIMS experiment

Experiment OHIPIC model
using short pulsed HiPIMS simulated discharge current & voltage
T T T T T T T T 40 100
0 0
-100
g ~~ ~~
-400 - < 2 -300 ;... %
S o , =
3 8 S
9 -500 - 8
-800 A
-700 |
1200+——rv—v+—vvr+r ‘ -
0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9

time (us)

Revel et al, PSST (2018) on line
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HIPIMS Plasma Evolution ad Tl

R=1kQ R =500 Q .2

depasser les frontiéres

7 Art
ox10%7 2 2x10'8 2x10%
8x10%7 = £
47 i T,
7x1017 E 15x10% ~E 15x10%
6x1017 % = £e &
saot” = g » SF .
a0 g w0 =g 1x10
M 3x10V § ] 1) g0 5
2107 O F B 5x107 Og sx107 O
.1x10“’ < % 2
0 0 0 0
0 5 10 15 20 0 5 10 15 0 5 10 15 20
Radial Direction (mm) Radial Direction (mm) Radial Direction (mm) Radial Direction (mm)
Potential J o G Potential Total Current
Cathode Potenta Cathode Potential h
= ‘Applied Potential ﬁ* = = plied ?xm/v‘
E E / \
™ P |
5 P e { 5 -
T \ B £S
2 \ g g« A
& \ 5 & 3 \
s k-]
< - 3
0 5 10 15 20 0 3 2 3 4 8 & 7T @ 9 0 5 10 15 20 © 1 2 3 a4 5 & 7 8 9
Radial Direction (mm) time () Radial Direction (mm)

1019 100 100( 19 500
- At Total Current 10 A 100 K Total Current
3 0 Cathode polental € 0 Cathode Potential
-100 300 pplled Potent) v 1200 App‘mu;o(rw
— 18 S
& 1x10 0 s g ~ 1x10%® /
E & 900 !
§ = ] \
2 i g £ a0 7 400 § / \
8 0¥ s0 & 3 / 5 5 o0 \
8 v 8 500 @
¢ 0
H, __/ 600 300 )
7
1x1018 800 C %0 T ‘/
0 5 10 15 20 2 0 A 2 4 4 B 8 T & X 800 0
Axial Direction (mm) time (4s) = i ¢ & 2 & F B o9 7 oA D
Axial Direction (mm) time (us)

Revel et al, PSST (2018) on line




@ Voltage distribution over plasma regions

dépasser les frontiéres

o
o
Upg e
1000 - p

900 |-

400
w |IRM
i 300 | OHIPIC
600 |- A S 250 |
500 |- % 200
400~ Ucs S 150
300 100
200 |- MR 50 |
e it T~ :
05700 200 300 400 500 66\0 700 800 9001000 P time (us)
r A A
CaseA B Case C

Revel, Minea, Costin PSST (2018) on /i
Huo et al. PSST 22 (2013) 045005 evel, Minea, Costin PSST (2018) on line

v" Dischrage voltage splits between the cathode sheath U

and the lonization Region (IR): Up(t) = U+ U To take 5
o'hel

v' U, > U, @ pulse beginning or high I, else U< U, |
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dépasser les frontiéres

eedf and iedf by OHIPIC

e Art
0
10 Hgo [
! = | Te=llev = -
-2 101 3
~ 1071 S g —y
S o w02E 3
2 04 : 0 5 10 15 20 _
AT R ¢ jons

108 Tesl1ey

Current increase

100 . C B — |
10210 ] : M ,;
| N ", ... s  Currentplateau
g 10°® :

v eedf shows two electron populations,
one thermalized and one following the cathode voltage

v" Plasma ions energy is uniformly distributed
over the Uy(t) range

T
0 take hom, -
e/

Revel, Minea, Costin PSST (2018) on line

T. Minea
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@ What we learn from the e
ion dynamics by 2D OHIPIC é.

« The time delay in the current rise is due to the build-up of
the space charge (ionization)

* lon erosion is radially larger in HIPIMS than in DC mode

* lon energy covers all the interval between 0 and the
applied voltage

* lon are accelerated in the voltage drop over the ionization
region and further in the sheath

* |on flux at the cathode and substrate can be evaluated

=p 14e Journée Reseau Plasma Froid / Oct. 16,2018 / La
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& General Conclusion

dépasser les frontieres

on gas dynamics from HIPIMS modeling é.

v The power balance between sheath and IR as well as
the ion back-attraction are effectively captured by global OD IRM

v" Global HiPIMS plasma behavior is understood, either for noble gas or
reactive mixtures

v’ 2D particle modeling give access to charged species evolution
(densities, fluxes), but also eedf and iedf

v'Good coherence between IRM and OHIPIC allows to apprehend for
the first time the spokes by modeling

v’ Gas rarefaction can be captured by IRM and DSMC, but it plays for
pulses longer than 50 us or for very high currents
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@ Recycled ions in poisoned mode ' ==

dépasser les frontieres

Reactive HiPIMS (Ti @ Ar/0,) @
Gas recycling e
a5 = dgarecycieBépuise = 0.75 % 0.90 X 1 = 0.68
Hgas—recycle ~ 3.08 < 80T
o 70
Self-sputter recycling S o]
£ 50t
HSS — aOﬂYSS — 035 X 0.90 X 025 ~ (0.08 § 40|
£ 30}
HSS—recycle ~ 1.09 o 20|
S 1o}
Mg = ar;BYss = 0.97 X 0.90 X 0.04 ~ 0.03 & ol
0 100 200 300 400 500
HSS—recycle ~ 1.04 t [us]

Discharge dominated by process gas recycling.
Our Ar/O,/Ti process has in principal no upper limit— Current increases
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UNIVERSITE

O High Power Impulse Magnetron P

prendre lo monde.

Sputtering (HiPIMS) °

SHORT & FAST Pulsed generator concept which uses e
* preionization to guarantee the fast rise time of the current,
* fast fall time of the discharge voltage at the switch-off
v —— — 50
Average Power 100 W o Voltage Current |
Q o N 1 - 40
v Pulse width: ~10 ps o) W— N |
v Pulse Power ~ 1 MW! 2, ‘302
" 2 ™.
~ = s -20
vV U~ 1 kv > -600- - |
- 10
vl :10-300 A e 'SR TRNT A S B |
| Pulse time [us] 0
Ganciu et al, World Patent No. WO 2005/090632.  -1000
Ganciu et al, US Patent No. 7, 927, 466 B2 (19 April 2011) -1 0 1 p 2 3 4 S 6
time (ms)
Kouznetsov, U. S. Patent No. 6,296, 742 B 1 (2001)
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