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Surface processes and reactive plasmas

Plasma controls surface processes: deposition, etching, surface modification
Surface processes influence plasma properties:

Ar/O, plasma cleaning of stainless steel reactor with hydrocarbon film on the wall:
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Surface processes and hydrogen plasmas

Plasma controls surface processes: deposition, sputtering, surface modification

Surface processes influence plasma properties:

W impurity accumulation in the JET tokamak, UK

t=5.9s,2D SXRn, m3 t=75s,2D SXRn,, m™3

Zm]

R[m] R [m]
C. Angioni et al.,
Nucl. Fusion 54 (2014) 083028

Plasma composition is determined
by surface reactions

Impurity accumulation plays a
detrimental role on the performance
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How to address surface processes
relevant to plasma deposition?

Our goal

deposition

e Which plasma species
of thin film _ arrive at the wall?

Which energy do they have?
or

etching of

: How do they react at the wall?
wall material

How does the material form?
How do they influence
the plasma?

almost always a
combination of
deposition and
etching

Which species leave the surface?
What is their energy?

surface
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Key challenges distribution functions

* energy distributions (ions, fast neutrals)

* molecular radicals /MAMWMWMJ 3| Ar”
o 0.090 ¢ 2l T\, '
« synergistic effects | ArH E 575 Vip
. 3 Y
* not well-defined surfaces H0 ﬂ | om% )J‘w’“’ ool 700
. 10! e,
« heterogeneous surface reactions NN E N
/ \/-/\ /l\ Ar”
S~ | | M. Zeuner et al.,
0 100% o JAP 81 (1997) 2985
0 100 200 300 400 500

Ion Energy [eV ]

The unreconstructed surface of nickel surface

Scanning tunneling microscopy image

Cross-section of a-C:H film
Molecular dynamics simulation

4-fold coordinated C-atom
@ 3-fold coordinated C-atom

@ - or 2-fold coordinated C-atom

@® H-atom
Yoo Mgl substrate
IBM Research, Almaden Research Center E. Neyts et al., Diam. Rel. Mat. 13 (2004) 1873 4
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Outline

==) Plasma-surface interactions — short summary

Diagnostics of plasma surface processes

* ex-situ and in-situ plasma diaghostics

* beam experiments and growth models
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Low energy particles at the surface

r+y+s= 1
incoming
. particle reflection
Gas temperature in low (probability r) surface recombination
pressure plasmas (probability v)

T, ~ 300 - 2000 K
E,~0.026-0.17 eV / surface sticking
diffusion (probability s)

Lower than the binding energy

between atoms in the material BBB BBBBBBBBBB BBAB BB

0 777

Overall surface reaction probability: p=y+s=1-r

Surface reactions often depend on surface coverage 0= M surface,occupied E<O 1>
)

nsurface,all
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Interaction particle-substrate &

Physisorption and Chemisorption
weak van der Waals dipole-dipole interaction Electron exchange — chemical bond
_ 1 By metals:
For metals: Pot— r®

electron donated from conduction band
interaction between particle and its virtual image

By insulators:
sarticle /"ilwfmetal/ - . e.g. reaction at unpaired electron
S N Ve Epa(?) ~ =3 > radical site/dangling bond
(\ ® /‘/' A O ) or radical insertion into existing bond
\‘,:_/,_,1 N \(/i?tual image Binding energy > 0.5 eV

Minimum much closer to the surface

z(A)]

<o N
T

—

L

Physisorption

\ o;

y4

|
&

- Pauli —
repulsion Yu
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Binding energy ~ few meV

Chemisorption 7
E. Zaremba, W. Kohn, Phys. Rev. B15, 1769 (1977)

A. Zangwill, ‘Physics at surfaces’, Cambridge Univ. Press, Cambridge (1988)



When is a particle reflected and when captured at the surface? M

Particle loses part p, Of its kinetic energy in the impact

incoming It is captured when:

particle

@ reflection (r)

Eafter = (1_p|oss) X Ebefore < Ea

N\

energy loss in collision with the surface
- m and M dependent

Ebefore = Ei +E m-M
/ max. energy transfer: ~ 4 —(m+M)2
—0O
M m, Ei ~ ~
Eaﬂer 100% for m=M
\ A > d ® ->
O E-. ~ 4m/M for m<<M 4>‘ M
1.2~ N 7
\"
v The sticking coefficient is higher If:

» Kinetic energy (E)) is small.
» The depth of the potential well (E,) is large.

* The M and m are similar - effective energy transfer.
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Surface diffusion M

Surface potential is corrugated - particles at the surface do not move freely.

E.« depends on the type of bonding (e.g. larger for chemisorption).

incoming
particle
@ OeV . .
1D diffusion
E.=0.2eV
E.=15eV
surface 15 eV
diffusion

Diffusion:
Temperature activated process: D=D jexp

Steps or defect sites have a higher energy barrier.
Surface diffusion can be promoted e.g. by ion bombardment.
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Surface reactions
Two basic mechanisms:

1) Eley-Rideal

B AB

B, BBBBBBBB
Z

Direct reaction upon impact

* only barrier-less and exothermic reactions
* usually involves radicals

Reactionrate: R = k p, O,

surface coverage
pressure (~flux to the surface)

Tprod > Tsubstrate
Example: H(g) + H(s) > H,(g)

hydrogen abstraction
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2) Langmuir-Hinshelwood

B AB AC

B ABBABABAC

Reaction of adsorbates at the surface

* most common surface reaction mechanism
* allows reactions between molecules

Reactionrate: R =k @A @B

Tprod ~T substrate

Example: CO(s) + O(s) = CO,

10



lon-surface interaction

Typical ion energies in low pressure plasmas: eV - keV

incoming ion reflected - .
E m. 7 ion/atom Possible interaction at the surface:
0’ 1! 1

o o a Reflection: used for surface diagnostic

sputtered atom “lon Scattering Spectroscopy” — ISS
recoil icq i
secondary 2 ( ) b Secondary electron emission — important for
electron a plasma ignition and operation: y—coefficient
€ C lon implantation: e.g. Plasma Immersion
/ lon Implantation (PIIl); E,,> 10 keV

surface d) Structural changes in the material:
enhanced cross-linking - ion assisted growth
e Sputtering of material
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lon-surface interaction: stopping power

lon interaction in the material:
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lon-surface interaction: stopping power, example

Stopping power: carbon on carbon

. SRIM simulation

140 electronic
_ - nuclear G
E 120d 25 ' : : : .i
" 1 L
S 1004 - i D)
() ] 15+ 4"“ i
S 80 107 ¥ '
s 1 5 Vi .
S 60 0- ‘ y \
2 1 0 500 1000 1500 2000 2500 /, - - -CaP 31
g 40 4 /4 C ion energy [eV] 47 ! _ _PASS
/o !
by . ia ; —— SRIM 2003.26
204 i 70 g —~ - MSTAR (v.3, mode d)
- : ! ALOA (K-shellinl)
0 IIIIII ) m— ] ) IIIIIII ] II IIIIIII fl 1 lII'|lI| 1 1
10° 10™ 10° 10 10° 10° 10
C energy [keV]
Data from: http://www.exphys.uni-linz.ac.at/stopping/ 13
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Physical sputtering of target atoms

sputtered Threshold for physical sputtering
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Sputtering of graphite

chemistry | physical sputtering
10"

projectile

T TTT T 11 T I T TTTTTH . . ;
! ! ! TRIM is also valid for low energies (~Egg)

but chemical effects can dominate the results.

I R AL

Sputtering yield is dependent on M

projectile

- more effective E transfer at higher M

&S
Q¢

Drops at high energies

- energy deposited more into the volume
Chemical reactions can enhance it

- chemical sputtering - see later

LRI LLRALY

=TT

Y, SPUTTERING YIELD

-3 ool ol h l . -
10 2 H—L L E,,, ~ 100-1000 eV: sputter yield can be estimated

, 10°% 107! 10° 10 10° by Sigmund-formula (1969):
- Ey. ENERGY (keV) E 4mimt 3 q

Y= Fsputtered _ __on
2 2
Fions ESB (mi+mt) 4n

K. Krieger in ’lectures on plasma physics’

Summer university for plasma physics (1993) m,

m,;

a=a €(0.1+2) empirical factor

16
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Outline

Plasma-surface interactions — short summary

==) Diagnostics of plasma surface processes

* ex-situ and in-situ plasma diagnhostic

* beam experiments and growth models

17
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Surface reactivity pB: imaging of radicals interacting

Inductively coupled

Gas
inlet

Differentially pumped
region (P~10* Torr)

High vacuum interaction
region (P~10* Torr) E

Tunable laser beam
(A = 200-800 nm)

LIF signal of CH radical:

plasma

M

Focusing lens ——m <|7

2
| E
®
=
=

m -

Beam + scatter

CCD

Substrate

Substrate arm

Scatter

J. M. Stillahn et al., Annu. Rev. Anal. Chem. 2008. 1:261-91
D. Liu et al., Appl. Mater. Interfaces, 2009, 1 (4), pp 934-943

Camera
lenses

with surfaces (IRIS)

1400

1200

B = 0.95+0.07

800 4

:

g

/E
-‘-1""‘-.

Scatter

LIF Intensity (a.u.)

20

=20 -10 0 1o 20

RILLTE

:

LIF Intensity (a.u.)

10001

21

=20 =10 1] 10 20 30
Dvistance Along Laser Axis (mm)
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Surface reactivity pB: imaging of radicals interacting with surfaces (IRIS)

Dipole Relative
Excited Radiative moment surface
Species | Plasma sources transition A(nm)?* | lifetime (ns) (D) reactivity" Reference(s)
C> CiHy AllT<X'z+ 691 1.85 x 10* — — 143
Cs C.H, AlTT«X'®+ 410 200 0.44 low/moderate 126, 139
CH CyHy, CH; OH ATA X 430 537 0.55 high 117, 139
CHF CH,F4y Al XA 571 2.45 x 10° 1.30 low/moderate 144
CF C:Fy AT+ X 224 26.7 0.64 low/moderate 65
CF; C,F, AlB; < X!A; 226 61 0.44 low 65, 84
CcCl CCly, CH4/Cl; ATA XN 279 105 — — 145
CN CH;CN, BIEtXx+ 387 65 0.50 high 140, 146
CH4/N;
NH NH;, N,/H; AT«X*s- 336 440 1.39 low/moderate 130
NH; NH;, N>/H> ATA; < X2B; 598 10 x 103 1.82 moderate 130
NO NO, N»/O, ATA<XT 226 205 0.16 — 147, 148
OH H,0, H,/0; AZA XTI 308 686 1.80 moderate 28,149
SiCl SiCly, Cl1,¢ BTt XN 297 10 — — 150
SiCly SiCly, Cly¢ AlB; < X!A,; 320 4.5 x 10° 1.46 low 135
SiF SiF4, CE4¢, SF4© AT XM 437 230 1.07 moderate 24,101
SiF, SiFs, CE4¢, SF¢ | AlB; <X'A; 225 6.2 1.23 low 24, 98
SiH SiHy, Si;Hg AZA <X 413 534 0.14 high 20,107
SiH, SiHy, Si;Hg AlB; < XA, 580 111 0.16 moderate 109
SO SO, SF4/0; B <X'% 235 16.2 1.55 — 151
SO, SO, SF4/0; AlB; < XA, 300 10 x 103 1.63 — 151

*Exciration wavelength for listed wansition.

bRelative reactivity scale: low = < 0.1; low/moderate = ~0.1-0.3; moderate = ~0.3-0.7; high = ~0.7-1.0.

“Species of interest is produced during Si processing.
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Surface reactivity B: well / cavity Experiments @

A source
C,H, > C,H + H

1500 0 B ~0.9
I & i

1000 | C,H, 4500

500 | 41000

N S S, N DY

ASAAIIO0000 COIIIIIAIAAA 0
1000 F . L .
S 4500 v
500 | A -
N . . {1000 p~07

CH, > CH;+H,CH, +H,, CH + ...
... 2 C,H, radicals

C. Hopf, T. Schwarz-Selinger, W. Jacob, A. von Keudell, JAP 87, 2719 (2000) 20
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Measurement of  in plasmas
Density of reactive species in front of a reactor wall

Confinement time of a given species in the reactor

1 1 1 1
= + — + =
T confinment Tgas Tsurface T pump B <<l
_S ko + D o P g .
r X AZ V
X reactor
loss in diffusion to loss due to
gas-phase the wall and gas pumping
reactions  surface loss
- density gradient
at the wall! >
Flux lost at the surface 7
1 b o iy
=-—n ,y— Effective diffusion length (empirical)
-IIOSI 4 wall 1_'8/2
> volume
Special case (e.g. CH, radical) A= Ay +A
I =0s surface area
- o
fOF ﬁ O’kr 0 l (1_ /2) linear
1 v A= i B extrapolation
g ﬁ geometry 3 °m ( ﬁ) length
T 4 volume i
Sur f ace area mean-free-path 21
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cps

Determination of surface reactivity p: decay in plasma afterglow M

n
100 plasma on \N&I Jout
] — <<1
CH, ] \ P
= 9.04 sec . : §Wa” \p< n,
.equwalent B=2.2x10 _ N &‘%
‘2 i B _ 1
. T =3 sec N \ >
& _ = | —— >
PO equivalent =3 x 10" A Z
TR,
10 T . ]
IIIlll“"tlllllllllllllllllllllllllIlllllll-
O 50 100 150 200 250 300 350 400 450 500
time (ms)
A. von Keudell et al. unpublished Surface changes after switching off the plasma!
22
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Determination of surface reactivity B: decay in modulated plasmas

—> surface does not change significantly

Pulsed
laser
system

Additional absorption due to RF pulse

A

/TS

Substrate holder

pulsed
rf

L rf power off

rf poWer on|rf pov'ver off

3

:‘ - \.‘-.

H—GTO—EF I . | I =

-5 0 5

Time (ms)

Hoefnagels et al., CPL 360 (2002) 189

10

Density (arb. units)
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N

(log-scale)

detector

N

Small disturbance

rf pulse
Steady state density

Tgas << Tsurface e Tpump

t = (1.9320.05) ms
= (0.226+0.007) ms

0.0

02 04 06 08 1.0
Time At (ms)
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Determination of surface reactivity B: decay in modulated plasmas

SiH, partial pressure varied, total pressure constant SiH, partial pressure constant, total pressure varied

10 30 4.0 S , ,
v Tan 4 s - as] © %0 _
N I | p N ) ) 0
- 08L SI H E T E 30 F 10000
= «— 3 ; i 3 7 >Y[ © 200°C
= i * T hk— % 120 < o5l w 300°C
= 06 —f P e T’ r A 400°C O
2 - # o n QL o 2 o as0c|  BHC
T 04F ‘ Si-SiH4  'SiH, © o A
Q L / I (@) 2 . i ]
i 0,2 A = § As ]
.(3,_:) A n ‘|
0,0 L ! : | i | i ! i | ; O . 1 1 1 1
00 02 04 06 08 10 1.2 0.0 0.1 0.2 0.3 0.4 0.5

Pressure (mbar)

. . 20 -3
SiH, density (107" m™) free fall limit > p = 0.3+0.05

 Si lost in gas phase reactions with SiH, 10

® Present work
A Perrin et al.

0.8

SiH, reacts at the wall.

0.6

Ko, spa = 2.621.0 x 1010 cm3s?

Surface reaction probability B

04+ § . d
: . NP S .| Pindependent of
 SiH, does not react in the gas phase! ozl $
- surface temperature.
Hoefnagels et al., CPL 360 (2002) 189 0.0 , , , ,
) 100 200 300 400 500 24
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Measurement of surface reactions:

O recombination at spinning surface

differential pumping

to mass \
spectro meter

high-speed motor

surface exposed
to plasma

l spinning cylinder

differential pumping
Donnelly et al., e.q.:
P. F. Kurunczi et al., Phys. Rev. Lett. 96, 018306 (2006)
L. Stafford et al., Pure Appl. Chem. 82, 1301 (2010)
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spinning wall experiment

E——ll L

Plasma (e.g. O, plasma)

" Langmuir-Hinshelwood
(L-H) product (O,)

MS or AES

= LELELE L B B B B S B B R
2500 - 0 -
2000 [ _ " 0 ]
1500 u Measured O, signal 3
1000 - ® .
500 | ]
OB v v vy T

0 5 10 15 20 25 a0 a5 40

Rotation Frequency (Krpm)



Measurement of surface reactions: spinning wall experiment

Recombination of atomic oxygen: L. Stafford et al., J. Vac. Sci. Technol. A 26 (2008) 455

6o 2
o £
£ 50 . e
[$3 | o T
- 1 D ey ep——
‘—‘9 4.0 - E 10 F T Y- .
< | 8 "k ﬁ—-—é-—?—---i-!--ﬁ ----- 3 ----- independent of
5 30 . 5 %
S S O or O, flux
5 | g
2 20 4 g O ®m ® 18mTor
5 L £ Q [ ] B 5mTorr
g 1.0 ] 8 P A 10 mTorr
(o Q v ¥ 20 mTorr
0.0 PR PR WU TR RS | 1. § m 2 | , ; .
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Measurement of surface reactions: spinning wall-effect of impurities
Spinning wall combined with Auger electron spectroscopy and evaporation sources.

Turbo
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skimmer
| \ iICP coil on O atom recombination coefficient:
P74
L] Rty - lh'\)p.”’
Auger (Plasma v 0.09 e e
- I
spectrometer - -~ ‘
E posl % after first Cu i
] < exposure
Q u |
o 2 007 . S a—n
Spinning Q TaN
wall 0 o 0.06
I I et 06 kF ‘ 4
. ) Rise due to
RF input = trace Cu on
Turbo é 0.05 the surface
. S . < 1% of ML of Cu
AES detectable composition of the wall: g 004r 1
2200 O Fe Redeposition of wall ool vy
T T et L 7 8 9 10 11 12 13 14 15
2000 | S material in the chamber
. ;b it Omin. . Cycle #
1800 Ll on stainless steal
1600 P FIG. 6. Recombination coefficients, yo, of O-atoms on oxidized Si, mea-
- 1400 spinning wall sured before (cycle 7) and after (cycles 7-13) successive Cu doses of 1.4
5 1200 i i : Atomic concentration (%) X101, 28X 1013, 56X 1013, 1.4X 10M, 84X 10, and 3.4X 10" cm2,
& 1000 y it 60min. | ] respectively, and after the surface was recoated with sputtered Si for 2 h
% 800 | i ‘ : WWWW Species 60 min 2h (cycle 14, open triangle) and 4 h (cycle 15, open square).
T eoof . © ¢ Zhours | - c 00 0.0
W 400L . WMWMW Ag 5.1 8.6 J. Guha et al., J. Appl PhyS 105, 113309 (2009)
200 f il ~12 hours : 1] o] 73.1 68.5
ol R ] Fe 13.5 8.4
Piia ths | i Al 0.0 37 . .
2000 ;o p, b MRS . 52 109 Small contamination can have large effect!
200 400 800 1200 1400 1600 . . 27
Electron energy (E) (V) The surface is not as clean as you think!

L. Stafford et al., J. Vac. Sci. Technol. A 26 (2008) 455



Outline

Plasma-surface interactions — short summary

Diagnostics of plasma surface processes

* ex-situ and in-situ plasma diagnhostic

m=) « beam experiments and growth models
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Beam experiment to study surface reactions of "plasma" particles

Beam sources of radicals or ions are used to
simulate in low pressure chamber the conditions in

a plasma experiment

- with well-defined particle fluxes N

5

H, o

—

! 3

Q

©

=

=

o

Nz(CH3)2 =

\ i £

aen Py 4 O S
.............................. - L%H eU\J \nfrar .; NE <
................................................ 3 \\\psom < S E
— z i

substrate T

A. von Keudell, Thin Solid Films 402 (2002) 1

Christian Maszl Plasma-surface interactions: diagnostics, Summer School 2014

N W b~ O

o Pk

s =107

M

O r N

o

CH, .
H . 3 ]
| |
1x10* 2x10" 3x10"
time (s)

@ 320 K
growth
erosion

E .

o o ~

2 & —
5 ©

15 o5

0L !

O

Sticking of CH, varies with H flux to the surface 29



Beam experiments: CH;|H synergism, simple vs. extended model

simple model extended model including cross linking
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Measurement of surface reactions: infrared absorption

SpECtT_PSCOpy FTIR absorption spectra of an a-C:H film
? ' G ] Evolution of an FTIR spectrum
‘ G5TCH, olel, sym) ] after turning off the CH, radical source
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FTIR can also be used in combination
with isotopes (e.g. flux of D or D,)
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"Simple" test of a growth mechanism
Analysis of a T-dependent growth of a-C:H films from electron cyclotron resonance CH, discharge

T-dependent film growth/erosion rate
in CH, plasma

T-dependent film erosion rate
in H, plasma
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- combination of constant deposition rate with T-dependent film erosion by hydrogen
32
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Beam experiments:
ion-assisted film growth: energy dependence of s(CH;| H,*)
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Beam experiments: ion-assisted film growth: film properties E

H incorporation subsurface
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Beam experiments in study of physical and chemical sputtering

Sputtering of graphite
chemistry physical sputtering I\ﬁﬁrol'ec“'e
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K. Krieger in 'lectures on plasma physics’
Summer university for plasma physics
MPI fur Plasmaphysik (1993)
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Beam experiments allow:

* measurements of absolute sputtering yields
* determination of angular dependence

* study of different chemistries
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Angular dependence of sputtering yield: physical sputtering

4 -
=
.a Ion
= 37 bombardment
A
= 2t
% Roughened
Z 1 e surface

0 L I L L 1

0 30 60 90
Ion mcident angle (degree from normal)
Dependence of etching yield Formation of ,grass“ due to micromasking

on ion incident angles

Lecture Notes on Principles of Plasma Processing
F.F. Chen, J.P. Chang
http://www.ee.ucla.edu/~ffchen/Publs/Chen208i.pdf
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Angular dependence of physical sputtering yield: TRIM calculation
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Angular dependence of sputtering yield: chemical sputtering
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Proper angular dependence for each material has to be incorporated into profile simulators 38

Christian Maszl Plasma-surface interactions: diagnostics, Summer School 2014



Reactive sputtering:
molecular dynamic simulation

0.6
04+ cr .
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Fig. 11. Sputtering yield of polysilicon
by CI" in the low energy regime, in
comparison to molecular dynamic Fig. 13. Molecular dynamic simulation

simulat_inn _results +and low energy of CI" interacting with Si [Barone and
sputtering yield by Ar-. Graves). JAP 78 (1995) 6604

Cl-rich surface layer - reduces the surface binding energy - lower threshold, higher yield...
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Beam experiments: chemical sputtering M

The famous plasma surface interaction experiment by Coburn and Winters  JAP 50, 3189 (1979)

Silicon etching by fluorides
70~ _

E Eu L ’ “.-'th“

E Ii‘-'i‘ll-..“-"“I"‘"'.4'\

< 50t )

w XeF, | Ar

o

o 40

£ |

Lﬁ SIF4

c

& Art

o]

-E‘I'_-J l
Si+ F - Si:F surface polymer _
Si:F + ions = volatile SiF, -

1:} | """*i*t.itttlu-ti

] | ] ] 1
100 200 300 400 500 600 700 800 900

Time (sec)

40

Christian Maszl Plasma-surface interactions: diagnostics, Summer School 2014



Key features in the success of chemical sputtering M

Anisotropy, selectivity, removal of etch products

Chemical etching:

selective, fast, good removal of etch
products, but no anisotropy

neutrals g,
N\

<vSiF4

wafer,
dielectric ...

mask

ions (lower energy)
neutrals
SiF,

N

V/ﬁr

Physical sputtering:
anisotropic, but not very selective, slow and
problems with removal of etch products

ions (high energy)

l/mask damage

redeposition,
shadowing

Chemical sputtering (ideal case):
Selective (mask not etched)
Fast (neutral chemistry + ion damage)
Good removal of etch products (volatile)
Anisotropy (directed ions):
effect only at the bottom of the trench, 4,
side walls passivated = (almost) no etching



Conclusions &

Plasma is a unique tool for surface modification
- provides reactive radical species with high reactivity at the surface
- provides energetic ions - essential for selective and anisotropic etching
- allows film growth at low substrate temperatures

Surface processes are determined by
- the fluxes of incoming species (including their energy and angular distribution)
- the state of the surface (temperature, composition roughness, passivation...)
- synergistic mechanisms between different species at the surface

Surface processes can be analyzed in
- particle beam experiments
- time resolved experiments (modulation of plasma, afterglow decay)
- time resolved measurement of surface properties (IR absorption, isotopic studies)
- spinning wall experiments, rotating substrate experiments
- well/cavity experiments
- molecular dynamic simulations, TRIM simulations
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