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Motivation

= Oxidation of metal targets during sputtering of metal oxides
U

lower deposition rate due to

() lower sputtering current density (except rf sputtering) and
(i) lower sputtering yield of metal atoms (for most metals)

TABLE IV

Comparison of sputtering behavior of oxides and metals for 10-keV Kr impact
Oxide § for oxide Ref. & for metal Ref. Soxide  Soxide ‘Xmetal

{atoms/ion) {atoms/ion) Smetal Sm.uta.l,.\ Eta
AlsD3  16;1.4:02% 12:6,7, 8 3.2:056"% 34-37 0.5 0.2
Mgl 1.8+ 05 38 8.1* 3 0.2 0.1
Moy 96204 14 28=1,08 34,38, 39, 40 34 0.9
NbyOs 34205 13 1.6% 2,00 39; 41 1.9 0.5
3i0g 42,30 1.5 14;2,6,9 2.1% 42 1.7 0.6
Snl04 1532 1.8 14, 15 67,64+ 06 12 2.3 0.8
Taz0sg 25205 13 1.6 0,33 34, 39,43 1.6 0.4
Ti03 1.9; 142 12; 8 21 £ (.82 16, 319, 44 0.8 0.3
U, 1.8 2 0.5% 10 248 45 1.6 0.5
Vil 127+ 1.7 14 23 0.4° 46 5.5 1.6
WOy 9.2:1,2 13 26 1.0% 34, 38, 39,40 36 0.9
Ziq 28201 14 238 40 1.2 0.4

[

[ R. Kelly et al., Radiation Effects 19 (1973) 39-47 ]

= Catalysis

= Corrosion
1/13



Motivation

= Oxidation of metal targets during sputtering of metal oxides
U

lower deposition rate

= Efforts to use optimum amount of reactive gas
(enough to deposit stoichiometric metal oxides, but no more)
and to work with partially oxidized targets

e.g. hundreds nm/min by pulsed O, flow control

[ J. Vicek, J. Rezek, J. Houska et al., Surf. Coat. Technol. 236 (2013) 550 ]

» Understanding and simulations of sputtering is based on
guantities such as sputtering yield, oxygen binding energy,
secondary electron emission coefficient
- known for metal and stoichiometric oxide
- unknown for substoichiometric oxide
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Motivation

Literature:

= Some metals exhibit monotonic
voltage when cleaning oxidized target
U
weighted average of (e.g.) secondary el.
emission coeffcient for oxide and metal
seems to be good enough

= Some metals exhibit non-monotonic
voltage when cleaning oxidized target
U
weighted average of (e.g.) secondary el.
emission coeffcient for oxide and metal
IS not good enough
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Motivation

Literature:

= Some metals exhibit monotonic
voltage when cleaning oxidized target

U

weighted average of (e.g.) secondary el.

emission coeffcient for oxide and metal
seems to be good enough (e.g. Al)

= Some metals exhibit non-monotonic
voltage when cleaning oxidized target

U

weighted average of (e.g.) secondary el.

emission coeffcient for oxide and metal
IS not good enough (e.g. Zr)

(a)

_ discharge voltage (V) _

[ D. Depla et al., J. Appl. Phys. 101 (2007) 013301 ]
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Main aim

» Hypothesis: partially oxidized metal surfaces

- for some metals constitute of a mixture of
stoichiometic oxide + metal (= weighted average is OK)

- for some metals constitute a homogeneous
substoichiometic oxide (= weighted average is not OK)

» Let's predict which of these 2 cases happens for which metal
by ab-initio calculations

* Metals considered: Ti, Zr, Hf, Cu, Ag, Al

- technologically important
- early TM Ti+Zr+Hf & noble metals Cu+Ag & main group Al

- hep Ti+Zr+Hf & fcc Cu+Ag+Al
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Methodology of ab-initio calculations

» 48 metal atoms in 3 close packed layers per 16 atoms

- I.e. hcp (0001) or fce (111)
- periodical boundaries in horizontal directions
- vacuum slab above the surface

= Oxygen adsorption energy (E_ ) for partially oxidized surface
(0 < oxygen atoms < 16) after geometry optimization

» PWscf code (Quantum Espresso package)
- Vanderbilt ultrasoft pseudopotentials
- PBE xc functional
- wavefunction & density cutoff of 25 & 300 Ry
- 3x3x1 k-points

= E_.. error up to ~2% only, no effect on E_ . trends

ads ads
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Adsorption sites of O atoms

= One adsorbed O molecule = two close O atoms at :

2xfcc, 2xhcp, fcc+hep sharing edge, fcc+hep sharing corner

* Non-noble metals (Ti, Zr, Hf, Al): @ @

lowest E_,, for two fcc sites
= Noble metals (Cu, Ag): \

Iow preference to oxidize = lower
for more distant O atoms

(eV /O atom)

ads
(rather than dependece on fcc/hep)

Eads

fcc hep corner

U

Fcc sites considered below

E . (eV/0O atom)
@D
o
«Q
(0]

-1.54

= Hcp sites never preferred, \ —
even for hcp metals o g

fcc

10 ¢ corner |
A Cu
i ﬁcp fcct+hep
S \

corner
(]

fec+hep T

T
25

T
3.0

T
35

T
4.0

Final distance of O atoms (A)
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Results: E differences for different O configurations

= O atom configurations characterized by e 6.@ ° ; o é o ;

total squared quadratic distance (D) e o o
of O atoms OREOREG

® [ o o

= O adsorption energy calculated for all : (s) : : ) : @

surface coverages @, = 2/16 to 14/16 e o o o
and all configurations of O atoms @ l @ @O ©

(all D values) metal atoms

O atomg 1-16
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Results: E differences for different O configurations

= O atom configurations characterized by e é ° ; o é o ;
total squared quadratic distance (D) of O e L. %. .
= O adsorption energy calculated for all ® o © o 2 o o
surface coverages @, =2/16t014/16  * 5 * @ @ * @

and all configurations of O atoms PRI I
Y OMON

= O,=2/16: 4 ConfigurationsW
D = 0.5 a® (atoms 1,2) and
D = 3.5 a? (atoms 1,7)

where a = fcc lattice const.
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Results: E differences for different O configurations

O atom configurations characterized by e é ° ; o 6.5)
total squared quadratic distance (D) of O e LI
O adsorption energy calculated for all ® o © o @ o

surface coverages G, = 2/16 to 14/16 @: :@:IZ)

and all configurations of O atoms ,{@+@Jz§

G, = 2/16: 4 configurations between

D = 0.5 a® (atoms 1,2) and

D = 3.5 a? (atoms 1,7) e o o
@ ‘ @

D = 48 a2 (atoms 1-4 & 5-8) © 0 @

@, = 8/16: 31 configurations betwe
)
D = 28 a’ (atoms 1-4 & 9—12W@I:@ @

(12

where a = fcc lattice const. \@L (2 @JI‘D
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Results: E differences for different O configurations

O atom configurations characterized by e @ ° ; o é o
total squared quadratic distance (D) of O e L% .
O adsorption energy calculated for all ® o © o @ o
surface coverages @, = 2/16 to 14/16 * (9) *w° ) *
and all configurations of O atoms e e ’e’

o @ & ©

G, = 2/16: 4 configurations between

D = 0.5 a® (atoms 1,2) and

D = 3.5 a? (atoms 1,7)

@, = 8/16: 31 configurations between

D =28 a2 (atoms 1-4 & 9-12) and

D = 48 a? (atoms 1-4 & 5-8)

All coverages @, = 2/16 to 14/16:

235 configurations (and ab-initio calculations) per metal
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Results: E differences for different O configurations

= Shown with respect to
preferred configuration
(E Eads -E

conf — ads_min)

= Example for Al and
G, = 4/16 to 12/16

= | owest E._ . forlow D

conf

U

preference towards
a mixture of stoich.
oxide + metal

(independently of &)

g 0.201 4 O atoms + 12 voids " {5 0204 12 O atoms + 4 voids
T 015 6, =25% o 18 015] 6,=75%
(@) N (@)
=~ 0.104 faE, 41 0.101
> >
© - e -
~ 0.051 {=,0.051 .
wWoool o "y JWooodl
4 6 8 10 12 14 4 6 8 10 12 14
£ 020{5 O afoms +11 voids |5 020] 11 0 atoms + 5 voids
oo S
8 o015] % =31% = 12 015] ,=69%
o = O
3 0.10 13 0.10; e
[0} ] e (0]
= 0.05- mm {~0.05- ER S
S l § . o
W" 0.004= . . . . 4 Wo00{= ", . , . . 4
8 10 12 14 16 18 20 8 10 12 14 16 18 20
g 0.209 6 O atoms + 10 voids 1% 0.2071 10 O atoms + 6 voids
T 0.15] O =37% - 1% 015] 9,=63% .
o <r“’/'. @) ) -
3 0.10 . . 13 0.101 J
() (9]
= 0.05- 170057 = ®
W" 0004 =5 . . . . . 4 W70.004a, . . . : —
14 16 18 20 22 24 26 28 14 16 18 20 22 24 26 28
g 02017 O atoms + 9 voids 1% 0201 9 O atoms + 7 voids
© 0.151 90=44% 18 0.154 6, = 56%
(@) = 1O -
< 0.101 1= 0101
N 0.10 > 0.10
L 0.051 B Pl {=0.051 o
= »/,!»." IS L
wlooo{ * "~ * , , —4W0.004 = . . . —
20 24 28 32 36 20 24 28 32 36
DI & DI &
‘E 0.2018 O atoms + 8 voids
"% 0.15 @O =50%
oxide + metal «—2 " su!ostmch.
> . 2 oxide
L 0.05- i g
g 5 "m
W 0004 = . : : r .
28 32 36 40 44 48
DI & 8/13



Results: E differences for different O configurations

~ 0.20
— IS
Econt = Eads - Eads_min § 015

shown for 6 metals 3.

Al (preference of oxide+metal) =
el
l..’_!_.r."l“

| .!_.__,,»-i' -

at O, = 8/16

28 32 36 40 44 48

—~ 03 r T T T T T
5 Ag (no preference, low adsorption energy)
= Al: S
. > n L] [ ] - n " ™
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0.4

28 32 36 40 44 48
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E_ . (eV /O atom)
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n u® L] " n "
28 32 36 40 44 48
D/ a’
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Tl W
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0.00+ .
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0.12 T T T T
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Results: E differences for different O configurations

~ 0.20 . T T T T 0.15 . T T T
m — _ g Al (preference of oxide+metal) = ] . Ti (preference of suboxide)
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Results: E differences for different O configurations
— g 020 All( referelnce of olxide+m'eta|) ' o1 -]I-l (prefelrence 0% suboxiiﬂe)
Econt = Eads - Eads_min g 015y p e ] o] LT
< 0.101 S -
shown for 6 metals 2. _..™
— Wy, . - ] o0.00]
a.t QO - 8/ 16 o0 28 32 36 40 44 48 28 32 36 40 44 48
AI g o3 Ag' (no prelference’, low ad’sorption'energy; 0064 Z'r (prefe'rence o'f suboxi(lje)-
. ° 02 ) . .
. (@) 0.04 —
. N v .
low D = mixture sy ] oo
" . . | 0.00-
Of Odee + metal 00 28 32 36 40 44 48 28 32 36 40 44 48
—~ 041 : : : : : 0.12 . . . . .
.S 03 CuU (no preference, low adsorption energy) 0.09 ut . Hf (preference of suboxide)
= . © .3 ] u E .U94 . E
high D = =01 ] oo
W’ o0 ] 0.00]
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suboxide
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low adsorption energy,
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28 32 36 40 44 48
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28 32 36 40 44 48
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Results: agreement with formation enthlapies of MO,

Stoichiometry H H H

(kJ / mole of struct. units) (kJ / mole of O atoms) (kJ / moIeIRf M atoms)
ALO, 1676 559 83
ALLO, 1995 499 / 66;)\
AlO 363 363 363
TiO, 944 472 944
Ti,0, 1598 533 799
Zro, 1106 553 1106
Zr,0, 1666 555 833
HfO, 1166 583 1166
Hf,0, 1700 567 850
\V

= enough oxygen: H per metal atom increases with x =
preference of stoichiometric Al,O,, TIiO,, ZrO,, HfO,
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Results: agreement with formation enthlapies of MO,

Stoichiometry H H H
(kJ / mole of struct. units) (kJ / molego atoms) (kJ / mole of M atoms)

ALO, 1676 559 838
ALLO, 1995 499 665
AIO 363 363 363
TiO, 944 472 944
Ti,0, 1598 533 799
Zro, 1106 553 1106
Zr,0, 1666 555 833
HfO, 1166 583 1166
Hf,0, 1700 567 850

= enough oxygen: H per metal atom increases with x =
preference of stoichiometric Al,O,, TIiO,, ZrO,, HfO,

* lack of oxygen for Al: H per O atom increases with X =
preference of Al,O; + metal over a suboxide (e.g. Al;O,, AlO)
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Results: agreement with formation enthlapies of MO,

Stoichiometry H H H
(kJ / mole of struct. units) (kJ / mole of O atoms) (kJ / mole of M atoms)

Al,O, 1676 559 838

Al;O, 1995 499 665

AlO 363 363 363
N

Tio, 944 472 944

Ti,O4 1598 533 799

Zro, 1106 553 1106

Zr,04 1666 555 833

HfO, 1166 583 1166

Hf,0, 1700 567 850
NS

= enough oxygen: H per metal atom increases with x =
preference of stoichiometric Al,O,, TIiO,, ZrO,, HfO,

* lack of oxygen for Al: H per O atom increases with X =
preference of Al,O; + metal over a suboxide (e.g. Al;O,, AlO)

» lack of oxygen for Ti, Zr, Hf: H per O atom less dependent
on X (Zr, Hf) or even decreases with x (Ti) = preference of

homogeneous suboxide (e.g. Ti,O3) over TiO, + metal
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Results: Adsorption energy

o, (%) 6, (%)

affected by O 12I.5 25l.0 37I.5 50.0 625 750 875 54 12:.5 25I.0 37'.5 50I.O 62I.5 75I.O 87'.5

. Eads
atom configuration
(full x empty symbols)

-4.24 O.5 —l— minimum (real) value -
--Q

4.3 --O-- maximum value 564

-5.8

-6.0+

E_©V/ O atom)

-5.41—
-5.54
-5.64
-5.7

= E_, affected by
surface cove

= Al
|E_ 4| INCreases
with increasing &,
(positive feedback)

-5.8

Ea . €V /O atom)

-5.9 T

5.7 T
-5.8
-5.9
-6.0
-6.1
T T T T T T T -6.2 T T T T T T T
2 4 6 8 10 12 14 2 4 6 8 10 12 14
O atoms O atoms

atomic scale preference towards stoichiometric oxide + metal
= macroscopic preference to complete the oxidation

Ea " €V /O atom)

more horizontal E_ . (G&,) expected for larger oxide and metal
zones (lower importance of the edges)
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Results: Adsorption energy

6, (%) 6, (%)

affected by O 125 250 375 500 625 750 875 4 12:.5 250 375 500 625 750 875

ads
atom configuration

(full x empty symbols)

42] & . —E— minimum (real)value
Q

4.3 --O-- maximum value

E_©V/ O atom)

E_, affected by
surface coverage G,

eV /O atom)

Al: W
|E gl mcrease
with mcre

:’:'ads €V /O atom)

Ti, Zr, Hf:

|E.4| decreases

with increasing &,

(negative feedback; opposite behavior to Al on both scales)
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Results: Adsorption energy

ads

atom configuration
(full x empty symbols)

ads

surface coverage &,

affected by O

E  (€V/ O atom)

affected by

1’_—'a " €V /O atom)

Al:

|E.qs| INCreases c
with increasing @5~ &
Ti, Zr, Hf: o
|E.qs| dEefeases

with jacreasing @,

Ag,

ads

o, (%)

0, (%)

4.2
4.3
4.4
45
4.6
4.7

125 250 375 500 625 750 875

O

O--a

T
—B— minimum (real) value

--O-- maximum value

- 125 250 375 500 625 750 875

|Eads| decreases with increasing &,
close to zero (Cu) or even positive (Ag) at high &,
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Results: Using adsorption energy for sputtering yields

Binary collision

approximation Monte
Carlo method using
SDTrimSP program

Using (i) E_ 4 from
previous slides and
(i) E_ 4 from other

sources

Importance of

Component sputtering
yield of O

9 04/

Component sputtering
yield of O

- E_ 4 Values themselves

- E_4(&5) dependence
- O atom configuration (full squares x full balls)

> 0.4

14

1.4

Al

-<>- TRIDYN manual

Zr

1.2 1.24
--/\: - Malherbe (1986)
1.0 —l— this work 4 1.0-
- @ - this work (oxide + metal)
0.8 - 0.8
0.6 0.6
8 =8 0
41
Ao, YU A
024 = __o--TT 0.2
PR o
0.0 T T 0.0
14 2'0 40 60 8'0 100 14
124 Ti 1.2
1.0 1.0
0.8 0.8
0.6 0.6
0.4
0.2 0.2-
0.0 T T T 0.0 T T T T T
20 40 60 80 100 20 40 60 80 100
6, (%) 6, (%)
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Conclusions

Preferred O atom configurations on partially oxidized metals

Al: preferred mixture of stoichiometric oxide + metal

Ti, Zr, Hf. preferred homogeneous suboxide, weighted

average of oxide and metal properties is not good enough

Correlation with formation enthalpies of oxides & suboxides

E

ads

o
[S)
o

1Al (preference of oxide+tmetal) a

.
l:-,—’-—ll..

eV / O atom)
o
o

~ 0.Uo4 mgt & WE g
g /,r’ ] 1
© -8

W 000 =«

28 32 36 40 44

48

0.12

0.09-
0.064
0.03-

0.00+

used for sputtering yield calculations

'~'\\ . Hf (preference of suboxide) ]
...\.\\l.\ [ ] ]
-
" Wamgm . "
pm Em¥
il\.\
-
T T T T T \\.
28 32 36 40 44 48

Total quadratic distance of 8 O atoms on 16 adsorption sites / a’

[J. Houska and T. Kozak, J. Appl. Phys. 121, 225303 (2017) ]
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