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“LGC State-of-the-art about PEDOT thin films

g CIRIMAT =
@  Toulouse .Deposition processes of PEDOT film:
— _+» Spin-coating (aqueous suspension)
« Sequential dip-coating (liquid solution)
« Electrochemical polymerization (electrolyte)

Drawbacks:

0 High contamination with solvent residuals

O Low diffusivity in substrates with complex
3D structure

—n el =y
PEDOT polymer d Solvent-substrate compatibility
Numerous applications in organic O Conductive substrate (Electrochemical
devices polymerization)

Conductivity : 0.1 to 5000 S/cm

Gas phase (CVD)
A new process by Gleason’s Oxidative chemical

group since 2007 ﬁ vapor deposition (oCVD)

" Introduction | Ma TV



LGC Oxidative chemical vapor deposition
——— (oCVD)

g CIRIMAT
@ | Toulouse Advantages:

No contamination due to solvent
High diffusion in gas phase under vacuum

« Uniform concentration distribution

« Uniform thickness

Working at ambient temperature

« Suitable for temperature-sensitive substrates

Depositing on any substrate
- Porous materials, fibers, 3D objects, paper,
membrane, textile...

However:

« The links between process parameters and film properties are
not well understood.

« A post-deposition rinsing is necessary to remove by-products
and unreacted materials to improve conductivity.

Dedicated studies are necessary
targeting process optimization for the
production of highly conductive
PEDOT

Introduction | Materials at | Results |
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Aim of the project
Combine experimental and numerical studies to
correlate film properties to deposition conditions
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Chemical - -
composition by -l Film thickness

vibrational . by profilometry

spectroscopy (FTIR) | ~ |
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Conjugated PEDOT by CI
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“LGC Schematic view of the oCVD reactor

o
..ClRmﬁg

Cooling

Deposition conditions Y Oute
I E¥
« Deposition duration: 30 min L P I

« Total pressure: 100 mTorr

« Substrate temperature kept

PEDOT film |7 Monomer
at 20°C vapor (EDOT)

. Constant EDOT flow rate , - — .
through a jar kept at 70°C

|
|
|
« Constant Nitrogen flow rate : M\
|
|
|
|

Oxidant vapor
(FeCl,)

&
Rasttreatment ates ry s
EDOT Ci8BRsition _ﬁ -
RINGRHIEENMeOH and Substrate: Silicon wafers with @
s In alr diameter of 10 cm &
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Studying the effect of the FeCl;/EDOT ratio

How to change this ratio?
Constant EDOT flow rate, varying FeCl; flow rate

FeCl; crucible FeCl;/EDOT
temperature inlet molar ratio

175°C 1.75
200°C 2.33
240°C 7.53

Let us go to the results...

Introduction Materials and methods
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Influence of the inlet FeCl;/EDOT ratio on
LCIC vibrational spectrometry response of the films

@ CIRIMAT o ____ =
.. Toulouse f lo)
I 1319 cm’” AN
_ - I | o—o c ° c c
I e 1184 cm’” Ysy
J, | &220¢m 1138 cm”’
' =9 | . 972 cm"!
I II__ . 1082 cmi1 915cm
| I B m 832 om”
= | 682 cm™
s I
3 7
L S 2 I %}‘ / AN
S 7 /\
PEDOT polymer backbone < b~ / , Ll
(Doped with Chlorine) 1 A A W
| 7% ‘ /
—-w--r % > J\ ‘J\I\AA
| . I\'\M
/]
«  The deposited films are PEDOT I = " MA
|
+ Hygroscopic behavior of FeCl; or 4000 | 3500 3000 : 2500 2000 I ! 1000 500
presence of iron oxides === Wavenumber cm ™y~ =~
+ Increasing the FeCl;/EDOT ratio: FTIR spectra for the three FeCl;/EDOT
- Higher intensity of OH peaks ratios
> Lower intensity of asymmetric
stretching of C=C inter-ring bonds, @
which could decrease the conductivity H

oooooooooo

Introduction | Ma




-"-'-‘LGC Influence of the inlet FeCl;/EDOT ratio
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on local film thickness
(profilometry)

325

A A FeCl,/EDOT=7.53
m 0O FeCl,/EDOT=2.33
® O FeCl,/EDOT=1.75

300 +

\
\\

Film thickness (nm)
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o

3 4 5 6 7 8 9
X-axis step position on the substrate (cm)

o
-
N

Full points: before rinsing, empty points: after rinsing

Uniform thickness on 10 cm silicon

Thickness measurement points wafers before and after rinsing

on the silicon wafer

Introduction |
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LGC Influence of the inlet FeCl;/EDOT ratio
- = — on average thickness (profilometry) and

@ CIRIMAT - b
O e film weight
300 6
| ]—.—Depositweightbeforerinsing o Seeming|y linear increase of
250 - the thickness with the
5 — FeCl;/EDOT ratio.
c (o))
< 200- -4 £
? = + Rinsing with MeOH does not
£ 150- 2 change the thickness
O
o . S
L
‘é’ 100 - L2 E * Non-linear increase for the
= - film weight  with the
50 - —/— Thickness before rinsing| FeCl;/EDOT ratio, probably
] —M— Thickness after rinsing due to cha nges in film
o——F——F——F——————+0 composition or porosity.
1 2 3 4 5 6 7 8

FeCl,/JEDOT ratio
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-"-'-‘LGC Influence of the inlet FeCl;/EDOT ratio

Iy on the film apparent density
.C'R'mf‘ul (profilometry and deposit weight)
| 950 T
:900— ‘ | _
I O
mBBO
p= deposit mass ‘g'aoﬁ-'___________________-_
film thicknessXcoated area =
%750:; L
7 I S N S PR SN IPUIDS SR N PR IS ) S S -
g O
Significant change in apparent gy f= = == = = = - —
density for the highest FeCl;/EDOT
ratio
\ L] Film density\
200 T T T | T T T T T T T T
1 2 3 4 5 6 7 8

FeCIl,/EDOT ratio

- As the three films contain PEDOT, the different
evolution for thickness and deposited mass probably
comes from film porosity variation.

Introduction |
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Influence of the inlet FeCl;/EDOT ratio |

I:QQ on the film morphology before rinsing
® CIRIMAT (SEM) S
. Toulouse W\ A y 2

« Porous films @
 Two different morphologies depending on the FeCl;/EDOT ratio

+ For the highest ratio: deposit morphology close to that of sublimated FeCl; &
« Zones of different compositions measured by EDX

Introduction | Materials e




|__gg Influence of the inlet FeCl;/EDOT ratio on

® CIRIMAT the film morphology (§EM) before and _
e  ruou after rinsing

Ratio=233 [0

«fl Afterrinsing = = =

« Bright zones disappeared after rinsing
* Rinsing in MeOH removes impurities

eeeeeeeeee
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."""?LGC Influence of the inlet FeCl;/EDOT ratio
- = — on the film electrical conductivity

@ -
.CIRIQ/\@I (4-point probe)
One order of magnitude decrease
1000 e e s . o S E, e S s S e e e e e [
500 ° A
NS
B 2007 ° - Decrease of the conductivity
2 100+ when the FeCl;/EDOT
% : increases.
ER - Conjugation length
S - decreases
(&) 20 -
10 4 —e— Conductivity before rinsing : : * Rinsing Wlth_ MEOH IMProves
. —A~ Conductivity after rinsing ; the conductivity slightly.
1 2 3 4 5 6 7 8 9 10
FeCl,/EDOT ratio | Im and Gleason, (2007) .
. 3 sccm EDOT and 320°C for |
FeCl; i%

at T,,,=20°C: 0.05 S/cm g8
In accordance with FTIR observations il Yt

Introduction



Simulation results

LGC Vertical cross view of the reactor
A Simulation results without considering surface reaction
® CIRIMAT ¢ g )
2.28e-02 Rati0=7.53 1.98e-01
I 2.23e-072 [ — — — -I I 1.682e-01
2.17e-02 . I |.66e-01
FeCl; crucible (240°C) —_————
2.11e-072 1.50e-01
2.05e-072 1.34e-01
1.99e-02 1.18e-01
1.93e-02 I. .I -| EDOT Inlet 1.02e-01
I 1.8le-02 ¢ I I Substrate I 7.00e-02
1.76e-02 | 5. 40e-02
1.70e-02 I 3.80e-02

EDOT mole fraction distribution FeCl; mole fraction distribution

« Uniform concentration all over the reactor for both EDOT and FeCl;, due to high gas
diffusion coefficients

In accordance with experimental observation of uniform %
film thickness K
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Simulation results
.C|R|Q/\|ﬁ1 Influence of the inlet FeCl;/EDOT ratio on flux nea¥
‘e the substrate (Preliminary simulation results)

Experimental deposition
Inlet FeCls/EDOT ratio rate/Calculated total
reactant flux (%)

« Only one percent of the flux of reactants reaching the
substrate is responsible for the deposit > strong kinetic
limitation.

uuuuuuuuuu
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LGC Conclusions
® CIRIMAT

@ foulotse | Deposition of PEDOT thin film of uniform thickness on 10 cm Si

substrates at ambient temperature

« Sending more FeCl;into the reactor:
« Increases the film thickness
« Changes in a coherent way the film morphology, porosity and
composition
« Decrease the amounts of C=C bonds and logically the
conductivity

« Rinsing with MeOH
« Slightly improves the conductivity

« Simulation results
« Uniform concentration and weak contribution of reactants to the
deposition
« Strong kinetic limitation

The FeCl;/EDOT ratio and more largely all the deposition
parameters must be controlled to produce ®
highly conductive PEDOT. &

17
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Perspectives

Optimize all contributing parameters in the deposition process to
produce PEDOT with the best physical properties (in progress)

Measure in real time the deposition rate with an in situ quartz
microbalance (in progress)

Develop apparent kinetic laws for reaction rates to be
implemented in the reactor model (in progress)

Study films on complex substrates for applications in organic
electronics

"o
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Thank you!

"o

19



e
..('IIRImf\mI

L d
L d
L ]
©
°
L]
L
LI S
LR
L ]
..
L
1/
i i

20




e
..('IIRImf\mI

L d
L d
L ]
©
°
L]
L
LI S
LR
L ]
..
L
1/
3 i

21




“LGC

® CIRIMAT
. Toulouse
O O ¢l
|
F
n >/—\< + 2.15n Cl/ e\Cl é
HC CH

-~

o

/ \

S

~

+0.15

O
0.15CI

_/

n

Our proposition based on other polymers:

+ 2.15nFeCl, + 2n HCI

With 0.15 as the ratio of CI/S, we are considering that for each 7 EDOT units,
there is one Cl with negative charge. Therefore, the

M_w=2+(0.15*35+140)=147.25

15/07/2019
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" LGC Proposed polymerization mechanism in the literature for

— == PEDOT by oCVD [6]

@ CIRIMAT .
Op ououse Polymerization

(S )

(1)

7 oxidant

I
|
|
|
|
I
I
|
|
|
|
I r . 1
| : (3): Deprotonation I
|
|
|
: \ /
|
|
R e e T L —
/ \ Oxidant: FeCl, 97%
g O O Monomer: EDOT 97% (Sigma-AIdr?ich) > Cl @
CHI.ORIDE
— J (Sigma-Aldrich) Black powder _ Fe m.mml
»;m.““ HC._ _CH Colorless or yellow liquid (Insulator)C1 e
“S=e=—= S
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T LGC Proposed polymerization mechanism in the literature for

— == PEDOT by oCVD [6]
@ CIRIMAT

/

Toulouse Doping

! (4): Chlorine doping of polymer backbone _]

I

|

I

|
| Undoped PEDOT | | | Doped PEDOT |
| (Insulator) | | | (Conductive) |

I
Presence of Chlorine in the backbone et
Presence of C=C inter-ring bond in the backbone e
(conjugation and conductivity) Fle e
Removal of C-H bond in the thiophene ring due to the 1~ >l [e=me)] Qf

polymerization y



& VYOO
0'.'-'-5 A "~;_ ": -2 :,;.i'« 9?
I____G_g Influence of inlet FeCl,/EDOT ratio .~
@ CIRIMAT STy
.. Toulouse
(1) Covering the surface with Kapton
tape before deposition
Kapton tape
Silicon wafer
(2)
Profilometer stylus PR A :
! " mckness : Removing the tape
—_—— I after deposition
TR |
Silicon wafer
Thickness measurement procedure on the substrate 1
§ 25
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s | 240°C

r

Before rinsing After rinsing : Before rinsing After rinsing @

EDX analysis of surfadelddr £draypsin of surlibDXfanSHisismf surface for Iron
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“LGC CONDUCTIVE POLYMERS
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Conductive polymers are organic polymers (containing
c Carbon) that conduct electricity.
1000 mm  COPPEr
10°% A,::L‘;Ezm Suc pounds may have metallic conductivity (10°S/cm) or can
e semiconductors (103 to 10*S/cm).
1002 mm
10°0 = Their electricah@ucpigetizslyaretse fine-tuned during the synthesis
10-02mm platinum  PTOCESS. Doped

(Semi conductors: 101t 103S/cm)

=
©
[ o
(@)
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“©
Q
=
)
(&}
9
L

Neutral polymers
Undoped
(Insulators: 10'14S/cm)
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Polymeric properties

Why conductive polymers and not metals? -

Optical transparency
Low density
Corrosion resistance
Flexibility

Lead to sev

Flexible, lightweight electrodes i
Hydrophobic surfaces
Conductive ink fo
P-layer in solar ce
Conductive
Functional

uuuuuuuuuu



Theory:

“LGC

—_—— Electrical conductivity in polymers comes from the presence of
@ CIRIMAT conjugated bond structure through doping that permits pi-
® T orbital overlap along the alternating double and single-bonds
in the polymer backbone.

Q: HoW tgn}ajét e g’.y%é g&ﬁgaéé@,ﬁ C\é;‘/ 1C %C -
A: By/creating bond conjugation through doping (two §ypg&)bond

Double bond
p-doping: Oxidation and creati

positive charge in the molecule
Cﬁf@fdlé)

"o
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LGC How to deposit a layer of PEDOT on a surface?

[ ]
@ CIRIMAT
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Electrochemical polymerization (in
phosphate buffered saline) [3]
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Inlet
FeCl;/EDOT

ratio

233

FeCls

creases with
the ratio

substrate

Influence of the inlet FeCl;/EDOT ratio on flux near

(Preliminary simulation results)

Simulations by FLUENT

Sum of
EDOT+ FeCls
fluxes near

substrate

(kg/m?.s)

EDOT

1.17E-06
1.89E-06
3.30E-06

Constant

Experiments

Experimental
deposition
rate/Calculate
d total

Experimental
deposition rate

(kg/m?.s)

reactant flux
(%)
1.25E-08 1.07
2.52E-08 | 1.33 |
3.97E-08 | 1.20 |

 Only one percent of the flux of reactants reaching the substrate
is responsible for the deposit &> strong kinetic limitation.

« The deposition rate is clearly dependent of the FeCl; flux toward
the substrate (limiting reactant).

Introduction | |
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LGC Vertical cross view of the reactor

o (Simulation results without considering surface reaction)
s CIRIMAT
@  ovlowse Ratio=7.53
5.40e-08 1.15e-07
l 5.36e-08 1.14e-07
5.32e-08 1.12e-07
5.28e-08 1.10e-07
5.24e-08 1.08e-07
5.20e-08 1.08e-07
5.16e-08 1.0Be-07
5.12e-08 1.058-07
5.08e-08 1.03e-07
l 5.04e-08 . L 0le-07
[kmotma 1o 00 " Cimoma 1 L0007
EDOT concentration distribution FeCl; concentration distribution

Less than 3% variation over substrate

« Uniform concentration all over the reactor for both EDOT and FeCl;, due to high

diffusion coefficients
In accordance with experimental observation of uniform @
film thickness &
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