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Magnetronové naprasovani tenkych vrstev N S .
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DC magnetron

vyhody magnetronového naprasovani

- vysoka hustota a adheze deponované vrstvy
- depozice pri nizsich teplotach

- reaktivni naprasovani

- uspokojiva rychlost depozice

- parametry tenkych vrstev




Priklady produkti, kde bylo vyuzito magnetronové naprasovani




Fyzikalni princip magnetronového naprasovani

Principle of a Magnetron Discharge
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Scheme of a circular planar magnetron according to Smith. The magnetic field 1s
depicted as dashed lines, while the cycloidal electron path 1s shown in larger size for clarity.



Fyzikalni princip magnetronového naprasovani
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(a) Top and side view of a planar circular magnetron, the schematic magnetic and electric
field and the resulting £ x B drift path (after Rossnagel and Kaufinan [50]). (b) Measured total drift
currents as a function of the discharge current at different working pressures in an argon discharge with
a copper target [49].



Typické podminky v DC magnetronovém naprasovacim vyboji

By ~ 200G

p ~ 2-5 mTorr argon

J_ j 20 TI]A/C]"I]2

Vge ~ 600V

* Deposition rate ~ 2000 A/min

Here By is the magnetic field strength at the radius R where the magnetic field line
is tangential to the cathode surface, and J; is the average 1on current density over the
ring area.



Depozice kovovych vrstev magnetronovym naprasovanim

-pUvodni aplikace magnetronového naprasovani (MS): metalizace Si integrovanych obvodU Al

-byly deponovany dalsi kovové vrstvy pomoci MS

-pro vyssi teploty substratu a nizsi tlak plynu jsou vrstvy vice kompaktni bez mezer s vétsim krystalovym zrnem

-nizsi tlak plynu znamenad vétsi energii ¢astic iontd a rozprasenych castic bombardujici substrat coz zvysuje povrchovou diflzi pti nukleaci,
ale taky mechanické napéti ve vrstvé
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Thornton 1974



Prumyslové magnetronové naprasovaci systemy
(povlakovani velkych ploch) TiO,, Al,O, ITO, ZnO:Al

Shield




Pulzni reaktivni naprasovani tenkych optickych vrstev

Ar+ O2 gas mixture

substrate

discharging of the poisoned
target by electron flux

charging of the poisoned
target by ion flux




Basic concept of pulsed reactive magnetron sputtering
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D. Lundin, et al., High Power Impulse Magnetron Sputtering, Elsevier 2020
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Pulsing concept with capacitor storage

Energy for pulse is stored in capacitor C:

Current can be accumulated in the pulse.

The inductor L controls (slows down) the rate
of current increase and protects the transistor
switch from large current surges.

When current I, grows, the inductance L
induces a voltage V, which is oriented against
the current change:

dl
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Pulsing concept with capacitor storage

Typical current and voltage waveforms with capacitor storage pulsing circuit

Vi [V]

=19 pH; R,.=20Q

I, [A]

-10

0.0

|
3.0x10°

| s |
6.0x10° 9.0x107
time [s]

Io[A]

14

12

=2 uH; R,=20Q

10

~4-100

~4-200

~4-300

1-400

80

time [us]

1
120

-500
160

A

12



Pulsing concept with inductor storage

A large tapped inductance L,—L, (L; > L,)
with a mutual inductance M is used as an
accumulating element.

A significant energy is accumulated by the
inductor L, when switch S is ON:

|
EL=—-L I
L 7 1.

Once S is switched off, the inductor L; will
generate a high voltage V; across L, with the
same orientation as V, in order to maintain the
current flow through L, (the

current /,, through L, now decreases).:

d/
Vi=——2L,
dr
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Drummond, G.N., 1996. Enhanced thin film DC plasma power supply.
U.S. Patent no. 5,576,939 A (November 19, 1996).

+

13



Pulsing concept with inductor storage
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Current and voltage waveforms on magnetron discharge = "
(positive overshoot after discharge is switched off & -2001

'S -400-
When the S is switched on at the end of the active pulse, the current / , E 600
starts to increase through L,, and, due to the mutual inductance M S 800
between L, and L,, a temporary positive voltage V, is generated on the 1000

magnetron cathode (i.e. the magnetron cathode potential is positive 0 2 4 6 8 10

Time (us
relative to the anode), which is expressed by: (1s)
(b) 4
g ]
= 2
dIy
VD = —— =
df > 0 w\/
= .
s )
This temporal positive voltage V,, is valuable in reactive pulsed S _
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S. A. Voronin, G. C. B. Clarke, M.2ada, P J.
Kelly and J. W. Bradley, Meas. Sci. Technol.
18(2007) 1872-1876.



IEDF 1n pulsed magnetron sputtering with positive overshoot
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Target voltage waveforms and Ar* IEDFs are shown for the (a) 60 kHz pulsed discharge with 6 s reverse time and (b) 60 kHz
pulsed discharge with 1 us reverse time.

C. Muratore et al., Surface and Coatings Technology 163 -164 (2003) 12-18.
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Time average Ar™ and T1" energy spectra (IEDF) for 100 kHz
and 350 kHz

different pulsing frequencies and reverse time
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Bradley J W, Backer H, Aranda-Gonzalvo Y, Kelly PJ and Arnell R D The distribution of ion energies at the substrate in a bi-polar
pulsed dc magnetron discharge Plasma Sources Sci. Technol. 11 (2002) 165.
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Typical results of reactive sputtering of Al,O; films

Advantage of pulsed reactive sputtering:
| reduced arcing
| deposition of dense high quality films due to higher
ion and energy flux to the substrate

SEM micrographs of fracture sections of aluminium oxide coatings deposited by (a) DC reactive sputtering. and (b) pulsed reactive
sputtering.

R.D. Arnell, BJ.Kelly /Surface and Coatings Technology 112 (1999) 170-176
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HiPIMS High power impulse magnetron sputtering

| high power in pulse and low mean powern_;° 10*" m™ 100 [p1s] |
| major fraction of sputtered atoms are ionized (IPVD) T tiee fps)
I lower porosity and higher denS|ty of deposited films —— ||

low heating flux to thi
HiPIMS, high ion flux

10 000 [us]

substrate

e

1

Angstromsciences V. Kouznetsov et al.,, Surf. Coat. Technol. 122, (1999), 293. 18



MAGNETRON — HiPIMS industrial technology for coatings
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Source: KurtJ. Lesker Inc.
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HiPIMS coating to
enhance run-in behavior

\

Particle removal (1200°)

| HiPIMS power source are
commercially available.

| Commercial thin films
demonstrate improved
properties.

Heat insulating (1100°)

Residual heat distribution
(500°)

Protected hard metal
(300°)

Source: CemeCon Source: CemeCon
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HiPIMS - High power impulse magnetron sputtering

| ion energy distribution function at the substrate
| energetic ion bombardment of growing film by sputtered particles

recrystallized grain structure
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Reactive sputtering of (oxide) thin films by HiPIMS

| reduced hysteresis by transition from metallic to compound mode

Examples of hysteresis effect for TiO, thin deposition by HiPIMS anf MF (small target 50 mm diameter)
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D. Lundin, M. 2ada, and Z. HubiSka, J. Vac. Sci. Technol. A 34 (2016) 041305.
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RF (13.56 MHz) ECWR plasma with HIPIMS magnetron

Schema of a sputtering magnetron
gun implemented into the axis of an
ECWR facility.

1 | pair of Helmholtz coils

2 | single turned RF electrode

3 | magnetron

4 | shielding of magnetron/anode
B, | static magnetic field

V. Stranak, A.-P. Herrendorf, S. Drache, M. Cada, Z. Hubicka, M. Tichy, and R. Hippler, Appl. Phys. Lett. 100, 141604 (2012)
V.St r anédk Hubi ¢k aBogddnowict, H.dNalff, C.RA. Helm, R. Hippler, J. Phys. D-Appl. Phys. 51 (2018) 095205



HiPIMS or HIPIMS+ECWR with dual magnetron for alloy and multicomponent
thin films Cu,,, FeO,

(semiconducting films: Cuy, FeO,)

two channel
HIPIMS power supply

DC coils for

) RF-ECWR
magnetic field

! . electrode
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Z. Hubic¢ka, M, ZIémal, J. Olejni¢ek, D. Tvarog, M. Cada, J. Krysa, Coatings 10 (2020) 232.
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HiPIMS or HIPIMS+ECWR with dual magnetron

thin films Cu,,, FeO,

(semiconducting films: Cu,, FeO,)

Table 1. List of films with significant deposition parameters.

for alloy and multicomponent

Ireao Ur, Icyaw Uc, Qo2 tdep. Thickness mol. Ratio Prcwr

' two channel Sample [mA] [V] [mA] [V] [scem] [O(f.',] [nm] Cu/Fe (W]

HIPIMS power supply 1x 500 720 84 975 10 250 900 477 180

2x 500 720 176 1000 10 250 2200 12.35 180

3x 600 720 56 1000 10 250 580 427 180

4x 500 720 50 895 5 250 535 1.79 180

5x 550 600 40 841 5 250 250 1.33 180
, bx 440 700 42 834 2 500 350 0.82 0
DC coils for RF-ECWR 7x 400 700 47 816 13 500 600 0.82 0
magnetic field electrode 8x 500 700 44 842 3.2 500 300 0.79 0
. 9x 500 700 40 804 2 500 400 0.94 0
10x 500 700 30 789 2 500 240 0.86 0

substrate

% = substrate
rotation

Ar

Z. Hubic¢ka, M, ZIémal, J. Olejni¢ek, D. Tvarog, M. Cada, J. Krysa, Coatings 10 (2020) 232.

heater




HiPIMS or HIPIMS+ECWR with dual magnetron

thin films Cu,0/CuO and Cu,, FeO,

E vs. RHE [mV]
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Z. Hubicka, M. Zlédmal, M. Cada, S. Kment, J. Krysa, Catal. Today 2019, 328, 29-34.
Z. Hubicka, M, ZIdmal, J. Olejni¢ek, D. Tvarog, M. Cada, J. Krysa, Coatings 10 (2020) 232.
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HiPIMS or HIPIMS+ECWR with dual magnetron

100

50

-100

i [UA/cm?]

-150
-200
-250
-300

-600

for alloy and multicomponent

-10 f
-20
-30
-40 o
-50
-60

-70
-80
-90

-100
0 10 20 30 40 50 60
Time [min]

[WA/cm?]

—9x 650 °Cvac
—10x 650°C vac

i @ -0.4 mV vs Ag/AgCl

Semiquantitative Phase Composition/%

Ox 650 “C vac NM 9% 650 °C vac ME 10x 650 °C vac NM  10x 650 °C vac ME

thin films CuFeO , with delafossite phase
m OE
) | —9x 500 °C vac
—10x 500 °Cvac
—9x 650 °C vac
—10x 650 °C vac
-400 -200 0 200
E vs Ag/AgCl [mV]
......... B A L B AARARAS LARARARAAS AAAMARARS
N Y o |——sample9x
iS4 j; — CuFeQ, (Delafossite - 96-900-0016)
——— 8n0, (Cassiterite - 96-210-4744)
. o
5 i Phase
CuFeO,
Cl.lzo
FE3D4

Intensity [a.u.]

67 29 80 100
33 43 20 -
- 28 - -




Zaver

magnetronové (reaktivni) naprasovani je dnes soucasti prumyslové
vyroby mnoha produktu

pulzni reaktivni magnetronové naprasovani + r-HiPIMS jsou nové
smery pro pripravu novych materialt v primyslu

hybridni systémy HiPIMS+ECWR byly studovany pro pripravu
polovodivych vrstev s vodivosti typu P

Podporeno z projektu OP VVV ,Partnerska sit v oblasti vyzkumu a vyvoje zobrazovaci a osvétlovaci techniky a
optoelektroniky pro opticky a automobilovy priimysl“ registrac¢ni ¢islo: CZ.02.1.01/0.0/0.0/17_049/0008422.
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