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Empa Laboratory

Advanced Fibers

= Fiber and Textile Chemistry

- finishing, wet-chemical treatment

= Fiber Development

- bi-component fiber spinning device

= Plasma-modified Surfaces

- cleaning, activation, deposition
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Outline

Control of Plasma Polymerization Processes

= Plasma polymerization

= Influence of

- reactor geometry

- plasma expansion

- pressure

- monomers

- carrier / reactive gas

= Nanoporous coatings

= Scale-up

Fibers EMPA°

AdvanCEd Dirk Hegemann, Plasma Polymerization, ISPC 18

Materials Science & Technolog y




Plasma Polymerization

Different regimes

retention of monomer groups : .
fragmentation, cross-linking

.
<

\

HHNL]

> ;
hydrogels  e.g. PHO-like SN A

functional density control e.g. hydrophobic, -COOH, -NH,
I

permeation control / barrier e.g. SiO,, a-C:H

hard coatings

e.g.a-C:H
energy-deficient monomer-deficient
E energy input S
a
Fibers D. Hegemann, Indian J. Fibre Text. Res. 31, 2006, 99. EMPA°
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Macroscopic Kinetics

Concept of chemical quasi-equilibria related to plasma

gas EENTEYSEE il recombination Stable

flow excitation relaxation  ,,oducts
e.g. monomer active zone passive zone e.g. deposition
Macroscopic kinetics: ¢ _ W7o o W _ PV
(Becker formula) pvV., F “ pF

The similarity parameter S represents the energy invested per particle
of the gas mixture during the flow through the active plasma zone.

H.-E. Wagner, in: Low Temperarure Plasma Physics, ed. Hippler et al., Wiley-VCH, 2001, p. 305.
A. Rutscher, H.-E. Wagner, Plasma Sources Sci. Technol. 2, 1993, 279.
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Plasma Polymerization

Evaluation of deposition rates

For radical-dominated discharges the reaction parameter

power input per gas flow W/F within the active plasma zone

determines the mass deposition rate R,

&:Gexp 5
F W/F

E.: (apparent) activation energy
G: geometrical factor

Fibers

in [g/cm?]
deposited mass from (per)
plasma volume and per area

Y.S. Yeh, I.N. Shyy, H. Yasuda, J. Appl.
Polym. Sci.: Appl. Polym. Symp. 42, 1988, 1.

D. Hegemann, H. Brunner, C. Oehr, Plasmas
Polym. 6, 2001, 221.
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Plasma Polymerization

Evaluation of deposition rates

I
ion-induced |

deposition |

etching and

In (deposition rate per flow)

temperature :
effects | oligomers taking part
monomer | energy _ indeposition
deficient : deficient —-——__ M Dot
L T —- Plasma Process.
: activation energy = Polym.2,2005
I slope of linear fit '
. -1
Fibers (eneray input) EMPAQ
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Evaluation of Deposition Rates

Deposited mass for different reactor geometries

1 ' Hegemann et al., Plasma
\ pp-HMDSO =GB’ Polym. 6, 2001, 221.

Park2 ) .
Park, N. Kim, J. Appl.

= 3
S 15 ¢ Alexander Polym. Sci.: Appl. Polym.
8 ] Zajickova 4
@ Symp. 46, 1990, 91.
NE Kim 5
[5) m EMPAS® 3 Alexander et al., Plasma
£ o ! W Polym. 2, 1997, 277.
B’ 3
“?O 4 Zajickova et al., Proc.
- ISPC 14, 1999, 1439.
w
mE 0.01 7 5M.T. Kim, Thin Solid
Films 311, 1997, 157.
E.: slope of linear fit 5 Hogemann ot al, J Vac
0.001 T T T T T T T T T T T T T T T T T T T Sci Technol A23, 2005, 5.
0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8 2
(W/FY" [(W/scem) ™
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Influence of Reactor Geometry

Plasma deposition in a reaction vessel

W
S=—— —_—— gasin
F dep Adep dgas \
d Adep dact V -
W‘dep :W Adep act
Vdis
Fl,p = F e
Vgas

S _ W dact Vgas
- Fd_ V. Similarity parameter is related to power and flow
gas " dis that contribute to film deposition.

D. Hegemann et al., Thin Solid Films 491, 2005, 96; Surf. Coat. Technol. 200, 2005, 458.
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Influence of Reactor Geometry

Tubular set-up

< dgas >
5 =% da V. =A,d
. _» as = de as
F o gas in—j = ’ e V,, = A, | O
— A<|ep
<—dact—>
S — ﬂ Tact V p
V. r=—— ;T =const
P dis F Po

Similarity parameter changes with position of substrate within the discharge.
— Fragmentation increases with distance and residence time

J.M. Kelly, R.D. Short, M.R. Alexander, Polymer 44, 2003, 3173.
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Influence of Reactor Geometry

Symmetric plane parallel set-up

S:%di‘“ gaslsin
L A
Izdact +2dsh Vs = Vias Aot [dges = |
Ay

> :g(l_zdfhj @

Similarity parameter increases with electrode distance.

D. Hegemann, H. Brunner, C. Oehr, Surf. Coat. Technol. 142-144, 2001, 849.
V. Sciarratta, D. Hegemann, M. Miiller, U. Vohrer, C. Oehr, in: Plasma Processes and Polymers, Wiley-VCH, 2005, p. 39.
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Symmetric Reactor

Plasma length d

act

active zone

passive zone plasma/sheath
I | boundary

iw

glow intensity

act

A
\ 4

= well defined geometrical conditions .
distance between electrodes
= known gas flow (vertical flow)

= known power adsorption

Fibers EMPA°
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Symmetric Reactor

Variation of temperature, power, flow, and pressure

1 ] T
: : Ts: 30-90°
‘= | HMDSO RF discharge | 5:30-90° C
S ] ' W d W: 50-400 W
Z ' act
. S TTET F: 50-120 sccm
g | p: 10-50 Pa
= 1
‘E 0.1 i k
2 : Viis = Vgas
w :
E : D. Hegemann et al.,
: Plasmas Polym. 6,
0.01 : E, 2001, 221. ’

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035

W/FY " [(Jlem®)?
Fibers (WP (Jfem) ] EMPA°
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Influence of Plasma Expansion

Plasma polymerization within asymmetric discharges

10 5
= o 4 scem Different
G activation
3 8 sccm _
o - energies
E 3 m 16 sccm
o (slopes) were
E obtained for
c) .
© different gas
S 017
. ] ] flows.
< CH, discharge
o RF, 7.5 Pa D. Hegemann et al.,
Thin Solid Films
0.01 et 491, 2005, 96.
0 0005 001 0015 002 0025 003 0035
_ (W/FY ' [(J/em®) ]
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Influence of Plasma Expansion

Light distribution of plasma in front of RF electrode

CH, discharge
RF, 7.5 Pa

D. Hegemann et al., Thin Solid Films 491, 2005, 96.
Fibers

\ T T
| maximum brightness: 0.475

curves at 0.05 0.1 0.2 0.3 0.4
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Influence of Plasma Expansion

Light distribution of plasma in front of RF electrode

0.6 ,
| passive | active
zone f\\ zone
E 0.5 + :
= L
S |
£ 0.4 - [
~ ' d..=6.5cm
2 | gas .
‘@ 0.3 '
c [
o) [
< |
© 02 l
> |
© |
© | _
| CH, discharge
0 L N . RF, 7.5 Pa
1 2 3 4 5 6
) distance from electrode [cm]
Fibers EMPAQ
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Influence of Plasma Expansion

Expanding plasma zone depending on power and flow

6
E dag = 3.7 (W/F)*® .
5 A ~ 0.33 _
2, ot = 15 WO F) —
;% 4 dae =2.5 (W/F)™
B 7
2
g 2 - ] ¢ 4 sccm
S5 CH, discharge 8 scem
2 1 RF, 7.5 Pa
2 m 16 sccm
I
0 L T T T T T L L L} Ml T T T T T L LI
0 50 10010 150 15 200 20 250 25300  3B50 4%
. POWRT MRIEMP[W]
Fibers RUEW]
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dact Only
depends on W
(independent

of different
monomer flows)

D. Hegemann et al.,
Thin Solid Films
491, 2005, 96.

EMPAQ

Materials Science & Technolog y




Influence of Plasma Expansion

Consideration of similarity factor

10 5
- ¢ 4 sccm Szwdam =
g F dgas Vdis
3! 8 sccm
Ng 13 = 16 sccm Vgas = Viis
< ] M volume-dominated
E i
B” i .
© ‘.\-\,\“ Introduction of
2 014 T
= similarity factor
L .
~< CH, discharge yield same
o RF, 7.5 Pa PR
activation
001 LN S S B L R B R B e B B S S S S B B B B B B B B B B B B S B energy_
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
(W dao/F dgas) " [(Jem®) ]
Fibers EMPA°
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Influence of Pressure

Plasma polymerization within asymmetric discharges

]
¢4 Pa Different
& m7.5Pa activation
(&)
e 9.5 Pa energies
5 11 Pa (slopes) were
[
E m15Pa obtained for
@O’ different
o
= pressures.
L
S .
14 CH4 RF dISCharge D. Hegemann,
Thin Solid Films
515, 2006, 2173.
0.1 : T : r r r r T T T T T : T :
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
] (W/FY" [(Jlem®) ]
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Influence of Pressure

Light distribution of plasma in front of RF electrode
0.9

0.8: ' 15 Pa

©
~
P T

o
(o]
1

d,..=6.5cm

o o o
w £ [6)]
1 1 1 | 1 1 1

relative intensity [arb. units]
o
o

~—
~
~
~

CH, RF discharge

0.1 4

‘d
< LR ~ ~

0 1 2 3 4 5 6
distance from electrode [cm]
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Influence of Pressure

Expanding plasma zone depending on energy input

7
1 d,. increases
6 - .
| with
T 5- decreasing
O
=] pressure
S 4
s | (and power
T 31 +4Pa input)
E ] A7.5Pa
Q27 9.5 Pa
1 ; 11 Pa D. H ,
1] CH, RF discharge . 15 Pa pegeman.
515, 2006, 2173.
O T T T T T T T T T T T T T T T T T T T
0 50 100 150 200
. WI/F [Jlem?]
Fibers EMPA°
Advanced Dirk Hegemann, Plasma Polymerization, ISPC 18

Materials Science & Technolog y




Influence of Pressure

Consideration of similarity factor

1
| * 4 Pa S = V_Vh\ﬁ
§ m7.5Pa F dgas Vdis
2 9.5 Pa
5 11 Pa Vaas > V?“S
E = 15 Pa corner-dominated
«;\3’ Transition from
'g_ L volume- to corner-
I.LTE 8. | dominated
- CH, RF discharge discharge at a
01 pressure >8 Pa.
000 002 0.04 006 008 0.10 0.12 0.14
(W dae/F dggs) ' [(J/em®) ]
Fibers EMPA°
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Influence of Pressure

Consideration of similarity factor
1

¢4 Pa E S—W dact gas
'g 7.5Pa i F dgas dis
o 9.5 Pa i
* i
) 11Pa | _
3 = 15 Pa : Introduction of
c : T
€ = ; similarity factor
o | with decreasing
o .
= : discharge
L 1 .
D\CE ! volume yield
Vyas/Vais = 3.7 ' E, same activation
0.1 — energy.
0.00 0.01 0.02 0.03 0.04 0.05
S [(em®) ]
Fibers EMPA°
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Plasma Polymerization

Formation of film-forming radicals

| (same plasma chemistry) —

: with increasing energy input

In (deposition rate per flow)

: Same radicals determine film growth

| higher number (due to more fragmentation)

D. Hegemann
et al., Plasma
Process. Polym.
4, 2007, 229.

monomer energy —-——__
deficient deficient ——-
Ea
Fibers (energy input)™
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Influence of Monomers

Generalized activation energy

similarity factor enables the finding of a g = ﬂ Aaee Voas
generalized activation energy F dgas Vais
1 10
—_ . a'C . H ¢ acetylene a_BC N : H pyridine borane
% ethylene § = TBBD
“‘g * m methane é
£ 01} 5 e .
R o R N
% 3 -
w 5
E \.\‘\ m
0.01 T T T T T 0.1 T T T T T
0 0.01 0.02 0.03 0.04 0.05 0.06 0 0.002 0.004 0.006 0.008 0.01 0.012
(W/F)lgep " [(Vem®)] (WP ']
ep
symmetric RF discharge asymmetric, confined RF discharge
Fibers EMPAQ
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Influence of Monomers

Generalized activation energy of different monomers

Monomer Formula Activation energy Main dissociation

methane CH, 5.3 £0.5eV C-H, (H-H)

acetylene C,H, 9.0 £ 0.7eV C=C

ethylene C,H, 12 = 1.2eV C=C, C-H (2x)

pyridine borane @N:BH3 12+ 158V C-N, C-C, N:B, C-H

TBBD CN“ 15 + 1.5eV C-N (3x), C-C, C-H
N/B\N/

HMDSO (CH,);-SI-O-Si-(CH,), 12.8 £ 0.7eV  Si-C, C-H, Si-0

F'bers D. Hegemann et al., Plasma Process Polym 4, 2007, 229. EMPA°
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HMDSO Discharge

Initiation of HMDSO plasma polymerization

E, =55 J/cm3

= 7.6 MJ/kg CH
= 1230 kJ/mol (HMDSO) /I/, linearization

=12.8 eV per molecule
H C+ Si— 7L \—CH,
Si-O bond: 452 kJ/mol

Si-C bond: 360 kJ/mol

C-H bond: 435 kJ/mol y{

— 1247 kJ/mol (12.9 eV) cross-linking

The activation energy gives the dissociation energy to obtain the radicals
that predominantly lead to plasma polymer growth.

Fibers EMPA°
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Influence of Carrier / Reactive Gases

Oxygen added to HMDSO discharge

Tﬂ)::

=
-

o pure HMDSO

m O2/HMDSO 1:5

A O2/HMDSO 1:1

4 O2/HMDSO 4:1

o O2/HMDSO 8:1

+ O2/HMDSO 15:1

a: reaction
crossection

— energy
consumed

8
=

R [M0P gfmimaent sseon]]

by carrier
gas

D. Hegemann,
M.M. Hossain,
Plasma Process.
Polym. 2005, 2,
554.

oo +—/—m—m—mm——— T
® (IO 0.01 0.015

Blhore AN (Wt

Advanced Dirk Hegemann, Plasma Polymerization, ISPC 18

0.02 0.025

EMPAQ

Materials Science & Technolog y

Design of O,/HMDSO Coa

tings

Control of wetting properties

120

100 -

adv. contact angle [°]

0 10 20 30 40
rel. carbon concentration [at%]

Fibers

50
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| O,/HMDSO

CH, CH,

H,C—si— O~gi—CH,

\ /

CH, CH,

The residual
C concentration
also scales with
the crosslinking
and thus the
permeability.
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Influence of Carrier / Reactive Gases

Correction factor for the combined flow F=F_ +aF,

Monomer Added gas Flow factor a
hydrocarbons Ar, He 0.05-0.1
CO, ~0.15
N, 0.35
NH, 0.5
D. Hegemann
HMDSO O 0 6 et al., Plasma
2 ) Process. Polym.
4,2007, 229.
Acrylic acid H, ~0.25
Fibers EMPA°
Advanced Dirk Hegemann, Plasma Polymerization, ISPC 18 Materials Soience & Technolog y
Influence of Reactive Gases
Plasma polymerization of hydrocarbon/ammonia
0.1 ] T
; F=F E i O pure C2H2 a: reaction
_ — + a , A NH3/C2H2 1:1 .
E m c | & NH3/C2H2 2:1 crossection
2 0.01 | [ ® NH3/C2H2 3:1 s ener
e ] = l A NH3/C2H2 5:1 gy
° . = ! — consumed
£ o _
%, chemical etching - ' by carrier
S B > gas
=, 0.001 4 P ®
L a=s0.5 yoo
o Increas\ng NH:TL’\Aﬁ\ D. Hegemann,
+ . .,~" I M.M. Hossain,
N, SPUtte"nq,-’ IFE Plasma Process.
g igh « k - Polym. 2005, 2,
0.0001 —— - . .hlgh Iene'zrgylll ?t : IOVY — 55°4y.m
0 0.002 0.002 0.008 0.008 (O]t1)9) 0.008 0.007 0.008
. WIF) " [(JIem®)!
Fibers (WIF)™ o) ] EMPA°
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Re-Engineering

Plasma polymerization of asymmetric N,/CH, discharges
RF plasma, 40 Pa, -650 V..

4-0'I'I‘I‘I'I'l'l‘l‘l'_ 1: I
|
- _ N
Ee A .
€ 3.0 cathode . 8 SPUtte",n A A
S | @ A cathode N
m | ——
E [ NE m anode |
c 20F . é 0.1 4 ma 4|
S [ 1 © 1 u | plasma
= [ «© - -
'g : 1 = | A polymerization
@ 1.0F 1 < | |
a Z | F=F,+aF, ,
0'.|.|.|.|.|.|.|.|.|.- a=0'35 :Ea
0 02 04 06 08 0.01 ; . . . ,
N2!(N2+CH4) 0 0.0025 0.005 0.0075 0.01 0.0125 0.015

(WIFY " [(Jlem®) ]
M. Zhang, Y. Nakayama, T. Miyazaki, M. Kume, J. Appl. Phys. 85, 1999, 2904.
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Deposition of Nanoporous Coatings

Rivaling deposition/etching processes

plasma polymerization + chem./phys. etching

Fibers EMPA°
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Deposition of Nanoporous Coatings

Hydrocarbon/ammonia RF discharges

Amine-functionalized coatings

b L ;'I -l.'..
3 il Sy
] | i
! |
100 200

400 so0
HInen]

! / i | | | | |
o 50 web 150 200 250 306 350 400 450
Haen]

porous structure: <30 nm porous structure: <20 nm

D. Hegemann, M.M. Hossain, D.J. Balazs, Prog. Organic Coat. 58, 2007, 237.

Fibers
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Deposition of Nanoporous Coatings

Film density related to porous structure

2.0
a-CN:H
1.8 - ® ®
o
mg 161 a-C:H (N) R
> Ak ar v ¢
= 14 - A A ANH3/C2H4=0.8
= @ NH3/C2H4=1
& 1o NH3/C2H4=1.3
31
NH3/C2H4=1.7
& NH3/C2H4=2.5
1.0 - nano pores
@ NH3/C2H4=3.6
08 T T T T T T T T T T T
0 2 4 6 8 10 12
WI/F,,, [W/sccm]
Fibers
Advanced
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Nanoporous Plasma Coatings

Dyeing of plasma coatings on textile fabrics

06

o
3

o
~

color intensity K/S
o o
N w

1 C,H,/NH; discharge

PET

~50 nm

0 20

40 60 80

100
a-C:H:N thickness [nm]

dyestuff: C.I. Acid blue 127:1

120

Dye molecules (~3 nm)
are able to diffuse into
nanoporous structure.

140

M.M. Hossain, A.S. Herrmann, D. Hegemann, Plasma Process. Polym. 4, 2007, 135.

Fibers
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Nanoporous Plasma Coatings

Dyeability (color intensity K/S) vs. pore sizes

50
.. NH,/C,H,=1.25 | Color intensity

“E 40 correlates with

C .

T " - pore sizes,
E = 30- A while overall
S 3 A n
0 O " A A N content is
-CT, x
o 2 201 = constant for a
c T A N content ~20 at% .
e o fixed NH4/C,H,

0 B K/S per thickness .

< 107 ratio.

A pore size
0 T T T T T T T T T T
60 70 80 90 100 110 120 130
. input W/F [J/cm®]
Fibers energy inpu EMPA
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Nanoporous Plasma Coatings

Permanence of dyed plasma coatings on textile fabrics

Martindale before testing after 70°000 cycles
PP
multifil
dyestuff: C.1I.

PET Acid blue 127:1
monofil

Fibers EMPA°
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Nanoporous Plasma Coatings

Hydrophilic treatment — hydrophobic recovery

80

| PET foils :

70 - - — - Aging due to

.0 | internal and
> . o > external effects:
D 507 -&- Corona treatment - re-organization
m 4
B 40 == Ar/O2 plasma
£ . -4 quartz-like coating - surface reactions
S complete wetting :

30 . =®-nano-porous coating .
Q, on fabrics - absorption layers
T —— A

20 —A—

__e— e °

-
o

ja permanent hydrophilicity

. aging [days]
Fibers EMPA°
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Nanoporous Plasma Coatings

Loading with wet chemicals

UV absorber Fluorocarbon
100
l\ 8 1
41

g 90 \‘\\ | y 4

804 \ = plasma-coate: 1 AN —a
° v [) N —
_g 70 b, \\ + untreated B ]
8 NN <)
o 80 Ye g 5
£ s S S
= i TE -~ g
g 40 N e 2 ,
= Mo ——m o —+— PET fabric plasma + fluorocarbon

30 4 5 =
% S 5 PET fabric plasma + FC (washed)

204  TTE=e- - ) .
s ¢ -# PET fabric perfluoro + nano particles
e 10 4

0 .
o 5o 0 150 200 0 20000 40000 60000 80000
exposure [hrs]

rubbing cycles

UV exposure
of aramid fabrics

Martindale
abrasion test

Fibers

EMPAQ
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Transfer of Plasma Polymerization

Scale-up to Web Coater

= .

Continuous processing of
textiles, membranes, foils,
bands, and papers

width = 65 cm

velocity = 0.1..100 m/min k. Lt

A, =10 2 Ay e
dep = 10°000 cm eb o e\i{

Fibers EMPA°
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Transfer of Plasma Polymerization

Different reactor geometries

Vgas/Vdis~4 5

pp-HMDSO
RF, 7.5 Pa

A asym. small
W asym. large
sym. small

sym. large

W web coater

nn+—7—"————7

Scale-up can b
be performed
succesfully g
. n 14
using the Ng ]
identified £
similarity S
o i
parameter = 013
(1
o
S = ﬂ dact Vgas
F dgas Vdis 0
Fibers

Advanced
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Outlook

Control of Plasma Polymerization Processes

control / design of

= plasma reactors

= hano-scaled coatings

= hanoporous coatings

high

= multifunctional (textile) surfaces

= transfer into industry

Fibers

medium

low

antimicrobial

mechanical stability
wettability

functional group density
bioactivity

conductivity

0 1 10 100
Ag in nanoporous a-C:H:N [%]

EMPA
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