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Context
e P3HT * Conjugated and conductive polymer :
Poly(3-hexylthiophene) O can reach 10°S/cm after doping’
o * Applications:
Field effect transistor?
Photovoltaic cell®
s. [\
\ /S
CHj

1.Y. Zhong et al., Adv. Funct. Mater., 32(30), 2202075 (2022)
2. L. Wu et al., ACS Appl. Electron. Mater., 3(3), 1252-1259 (2021)
3.S.0Oh et al., ACS Appl. Mater. Interfaces, 9(14), 12865-12871 (2017)

Conducting Polymers

<— Uncharged (undoped) Charged (doped) —>

Conductivity | | | - S |
Sem-! 10-13 10-14 1010 i 10 102 : 102 106
Insulators :Semiconductors:  Metallic

Conductors

Ref. figure: G. Kaur et al., RSC Adv., 5(47), 37553-37567 (2015)
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Context
Conducting Polymers
« P3HT » Conjugated and conductive polymer : & Uncharged (undoped) Giarged (Goped] 6
. 3 1 1 onductivi - :
Pon(3—hexyth|ophene) o can reach 10° S/cm after doping e A e TR . e I
3 P
° App“cations : Insulators /§Semiconductors§ Metallic
: : Conductors
. . 2 * :
Field effect transistor Ref. figure: G. Kaur et al., RSC Adv., 5(47), 37553-37567 (2015)
Photovoltaic cell®
s. J \
\ / S Properties Objective :
e Elaboration of ultra-thin and organized films
Structure : N .
with the Langmuir film technique
. . = Link between structure and conductive properties
CH, Elaboration technique
Ref. :

1.Y. Zhong et al., Adv. Funct. Mater., 32(30), 2202075 (2022)
2. L. Wu et al., ACS Appl. Electron. Mater., 3(3), 1252-1259 (2021)
3.S.0Oh et al., ACS Appl. Mater. Interfaces, 9(14), 12865-12871 (2017)
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Langmuir film technique principle

e Elaboration of film at the air-water interface
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Langmuir film technique principle
* Elaboration of film at the air-water interface

n=Yo-VY
t v, =Surface tension of pure water
y = Surface tension of water with film

Force sensor
= Measurement of
surface pressure ()

S
=

Thermostat

Mobile barriers
= Temperature control

= Area control
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Langmuir film technique principle
e Elaboration of film at the air-water interface

LI Compression isotherm
t v, =Surface tension of pure water
v = Surface tension of water with film

~
o

oo
coanse BUWN® 9444

VALY Film compression

50 y
\ LC
40 1 \Lc _

- WYYV
20 \'E‘Lc LR

10 4 LE V y v G
G-LE

Force sensor
= Measurement of
surface pressure ()

Surface pressure (mN/m)

l’ ‘ !} 40 60 80 . 100
\//\ Mean molecular area (A?)
Thermostat \ = Film thermodynamic characterization

Mobile barriers

= Temperature control , ..
= Area control = Detection of phase transitions
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Thermodynamic and morphology of P3HT film at the air-water interface

CHj * Compression isotherm at 20°C
60
—~ 504 <— Collapse
£
Z
S
o 40 -
>
s. J\ 2
\ ] s =
(¢}
(&)
8
P3HT Z2
10
) 07 ! I ! I L | | I ! I ! I ! I ! I ! I ! I !
CH3 0 2 4 6 8 10 12 14 16 18 20 22

Mean area by repetition unit (A2)

= No phase transition detected at non-zero surface pressure.
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Thermodynamic and morphology of P3HT film at the air-water interface

CHy * Compression isotherm at 20°C * Brewster angle microscopy (BAM)
60
= Morphology at the air-water interface
£ % o Colapse => Image size : 600 x 600 pm?
£
= 40
s. I\ 2
S 5 30
\ / g
P3HT Z2
10
Homogeneous surface
) 07 L UL L L L L
CH3 0 2 4 6 8 10 12 14 16 18 20 22

Mean area by repetition unit (A2)

= No phase transition detected at non-zero surface pressure.
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Thermodynamic and morphology of P3HT film at the air-water interface

CHj * Compression isotherm at 20°C * Brewster angle microscopy (BAM)
60
= Morphology at the air-water interface
£ % - Collapse = |mage size : 600 x 600 pm?
£
= 404
s I\ q
\ ] s -
(¢}
8
P3HT Z2
10 -
Homogeneous surface  \yith analyzer :
' O_'|'|'|'|'|'|'|'|'|'|'|'
CH3 0 2 4 6 8 10 12 14 16 18 20 22 = Opticalanisotropy

Mean area by repetition unit (A2)

= In-plane organization
= No phase transition detected at non-zero surface pressure.
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In-plane structure of P3HT film at the air-water interface
e Grazing Incidence X-ray Diffraction (GIXD)

SOLEIL

SYNCHROTRON

e P3HT at 5mN/m

2 .
I 1.
C -

g L >
£ N N
5 t"'ﬂw: :
w - B 1] -
-~ L] )
© . D .
[ ! -
@ w )
+— L]
c LY
] “u*‘
o

q,, (&%)

Thin peaks (FWHM = 0.05A1) and good signal-to-noise ratio
= Long range positional order
Diffraction rods = 2D Structure

(Rings = 3D Structure)
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In-plane structure of P3HT film at the air-water interface
Ref. : N. Persson et al., Acc. Chem. Res., 50(4), 932-942 (2017)

Characteristic length between thiophenes planes

e Grazing Incidence X-ray Diffraction (GIXD)

SOLEIL

e P3HT at 5mN/m
SYNCHROTRON _ (m-minteractions inter-chains)™"

g, integrated intensity

q,, (&%)

Thin peaks (FWHM = 0.05A1) and good signal-to-noise ratio

= Long range positional order
Diffraction rods = 2D Structure

(Rings = 3D Structure)
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In-plane structure of P3HT film at the air-water interface
Ref. : N. Persson et al., Acc. Chem. Res., 50(4), 932-942 (2017)

Characteristic length between thiophenes planes

e Grazing Incidence X-ray Diffraction (GIXD)

SOLEIL

e P3HT at 5mN/m

SYNCHROTRON () ) _ (m-minteractions inter-chains)™"
(20)
:?j tx\ (1‘1) 19 @ @
1AW :

- .qu(A'l)'." 0
Thin peaks (FWHM = 0.05A1) and good signal-to-noise ratio b =7.68A . . . ._.

= Long range positional order

Diffraction rods = 2D Structure a=7.78A

' 12)-(21 = Non- latti
(Rings = 3D Structure) Existence of (1 2) — (2 1) peak on-centered lattice
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Reflected intensity

Vertical structure of P3HT film at the air-water interface
e X-ray reflectivity (XRR)

Fitting software : REFLEX, https://reflex.irdl.fr/Reflex/

* P3HT at 5mN/m

PETRA 1ll, PO8

0.1

0.01 m  Experimental data
Fit

1E-3

1E-4

1E-5

1E-6

1E-7

1E-8

1E-9

1E-10

1E-11

T 7 T T T T T "~ T T 1 1
-0 00 01 02 03 04 05 06 07 08 09 10

q, (A%



6/15

Vertical structure of P3HT film at the air-water interface
e X-ray reflectivity (XRR)

Fitting software : REFLEX, https://reflex.irdl.fr/Reflex/

PETRA 1ll, PO8

* P3HT at 5mN/m

Reflected intensity

1
0.45 . .
0.1 | — Electron density profile
. 4 —— Electron density profile
m  Experimental data 0.40 ]
0.01 Fitp ] with no roughness
1E-3 %% -
P ]
<C  0.30-
1E-4 B _
1E-5 2  0.25-
[%2]
7 ]
1E-6 3 0204
Q ] = d )
1E-7 c
S 0154 y
= n #
1E-8 S ] \/\/\Q ,
w0107 éﬂ% S
1E-9 ] - ¢
0.05 -
1E-10 | & O
0.00 , \
1E-11 Water : : Air
T T T "~ T - T T T T T 1 -0.05 T o T T T
01 00 01 02 03 04 05 06 07 08 09 1.0 -10 0 10 20 30 40 50
Height (A)

q, (A%
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Air o=7.0A

Vertical structure of P3HT film at the air-water interface

* X-ray reflectivity (XRR)
Fitting software : REFLEX, https://reflex.irdl.fr/Reflex/ PETRAII, PO8

* P3HT at 5mN/m

0.45 ~

0.1 | — Electron density profile
. 40 - —— Electron density profile
0.01 ®  Experimental data 0.40 with no rou
; 1 ghness
Fit
13 ! 03 —
> 1E-4 °§’ 0.30—- ° CH3 CH
2 jes 2 0254 ) 11.8A o \?CH
2 @ ] : ' 3
'_§ 1E-6 3 0204 P §
2 g : {
o 1E7 & 015 A )
E 188 B 0.10_- < Y o
1E-9 W ] x\é/ ¢ v o=2.2A
0.05 A p £
0 0.00 - 1 \wj/\ 4 7'& / \ S / \ S
.00 4 , eoe
1E-11 ] W : ‘ ; . Q
-0.05 : éter L — Allr —_— V... S \ y/ ) \ ?/OZ 26A
01 00 01 02 03 04 05 06 07 08 09 1.0 -10 0 10 20 30 40 50 A
q (A Height (A)
o
6.8A
= Bilayer with edge-on orientation
y g o &,  o0=1.0A

. A \
Total thickness = 36A Water



More thorough structure determination

° Avogadro https://avogadro.cc/ % >

= Drawing of the repetition unit
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More thorough structure determination

° Avogadro https://avogadro.cc/ % >

= Drawing of the repetition unit

(o
 VESTA JP-minerals http://www.jp-minerals.org/vesta/en/ (® %’ |
= Originally designed to simulate 3D powder diffraction pattern from known lattice

. 2l
= Using a very high c parameter (= 500 A) = Simulation of« 2D powder » diffraction ¢q, = -

08+

06

02 |
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q, integrated intensity

15

More thorough structure determination

° Avogadro https://avogadro.cc/ % >

= Drawing of the repetition unit

(o)
 VESTA JP-minerals http://www.jp-minerals.org/vesta/en/ (® %’ |

= Originally designed to simulate 3D powder diffraction pattern from known lattice

. 2l
= Using a very high c parameter (= 500 A) = Simulation of « 2D powder » diffraction g, = -

= Vertical section of map = Diffraction rods (Intensity vs g, with g, fixed)

1 Pic(11)
m  Experimental data
Manual fit

q,integrated intensity on the FWHM of the peak

llllllllllllllllllll
oo 01 02 03 04 05 06 07 08 09

g, (A")
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More thorough structure determination

° Avogadro https://avogadro.cc/ % >

= Drawing of the repetition unit

(o
* VESTA JP-minerals http://www.jp-minerals.org/vesta/en/ (® %o

= Originally designed to simulate 3D powder diffraction pattern from known lattice

. 2l
= Using a very high c parameter (= 500 A) = Simulation of « 2D powder » diffraction g, = -

= Vertical section of map = Diffraction rods (Intensity vs g, with g, fixed)

£
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. - Q I
| . 2 21 "m
5. S £ ’
n P E= ) )
=1 (11) ; 5 s Pic (02)-(20)
a * ' = I 7 = Experimental data
c Y : 4 o
o) \ 4 o £ Pel) = Manual fit
£ i 5, o = Experimental data ®
B . ”v“u‘ v 2 Manual fit ﬁ i -
© % f. & c o LA d 2
= s I o > = Exx
8 T g ~ 2 -’
c Ly 7] / [
g ‘u'\.‘ S » ] ko)
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q, (A" o, (A") q, (A"
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More thorough structure determination at the air-water interface
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More thorough structure determination at the air-water interface

- d = 15A : vertical distance between thiophene
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More thorough structure determination at the air-water interface
:0

- d = 15A : vertical distance between thiophene

-0 =13°: tilt along the direction b (rotation axis a)
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More thorough structure determination at the air-water interface
:0

- d = 15A : vertical distance between thiophene

-0 =13°: tilt along the direction b (rotation axis a)

-0’ =2A et b’ = 1A : translation of the top layer relative to the bottom layer



8/15

More thorough structure determination at the air-water interface
:0

- d = 15A : vertical distance between thiophene

-0 =13°: tilt along the direction b (rotation axis a)

-0’ =2A et b’ = 1A : translation of the top layer relative to the bottom layer
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In situ film doping F,TCNQ

2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane

N Rk F N
W\ //

/) \
N/F F\N
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In situ film doping F,TCNQ
2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane

N R F N

AN 1/
CeH L H '\l// = F
M 7/41,/ f\x’ L\“j4 j\ﬂf}d
Doping Cora CeMi CeHia

CaHas CEH13 CEH13

Neutral P3HT Doped P3HT
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In situ film doping F,TCNQ

2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane

N 7 2 N

\ 74
/i N\ - -
CeHia CgHag CgHaz N F F N : (CEHH ..-_(CEHW _ “sHis
m SN —p ("} (s @S $
CgHas \'CGHW &CaHm Doplng Cghya CeHia CgHia
Neutral P3HT Doped P3HT

. ’ P3HT + FJCI& l, -
N —1

\/

Preparation of mixtures with

\ /

P3HT + F,TCNQ | different proportions Structure determination at the air-water interface
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In-plane structure of P3HT+F,TCNQ films at the air-water interface

e Grazing Incidence X-ray Diffraction (GIXD)
* P3HT+F,TCNQ at 5mN/m S 2 LEI L

SYNCHROTRON
:(02)
~(20)
- (11) g

2 : '
e ;-
o) @® P3HT pur
< ® F,TCNQ85% _
% i @ FITCNQ17%_
g ® FTCNQ29%
= ® FTCNQ34%
o

a, (A%
 Peak intensity diminution
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In-plane structure of P3HT+F,TCNQ films at the air-water interface

e Grazing Incidence X-ray Diffraction (GIXD)
* P3HT+F,TCNQ at 5mN/m

SOLEIL

] b=7.68A
SYNCHROTRON _.— _.—
:- (O 2) 7.80 -
~(20) O
»1 1 a=7.78A
@ = . < 7.704
g v ® P3HT pur 5
= ® F,TCNQ85% _ D 765+
8 0 mo %
T - @ FTCNQ17% 2 o]
154 ® F,TCNQ29% 5 —=a
ot ® F TCNQ34% g7 = b
7 g
7.50
| 7.45 T T T T T T T T T T T T T T 1
0 5 10 15 20 25 30 35
I I I I I I I I F4TCNQ%m0I

a, (A%
 Peak intensity diminution

* Slight lattice contraction

= F,TCNQ does not intercalate into the plane

Also observed in thicker film of 200nm thickness (spin-coating)

Ref. : D. T. Scholes et al., Adv. Funct. Mater., 27(44), 1702654 (2017)
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Vertical structure of P3HT+F,TCNQ films at the air-water interface
e X-ray reflectivity (XRR)

Fitting software : REFLEX, https://reflex.irdl.fr/Reflex/

PETRAIlI, PO8

«  P3HT+F,TCNQ at 5mN/m

1 v

® P3HT pur
o ® F,TCNQ8.5% _
oo ® F,TCNQ17%__
= e F,TCNQ29.1% __
g = ? @ F TCNQ34% _
g 1ES *
% 1E-6
é 1E-7
Q
™ ies ¢
o'VVsy
1E-9 :“3‘3‘4; .
N m N [ ] A *
1E-10 ¢ : R
1E-11 - T i T i T i T i T i T
0.0 0.2 0.4 0.6 0.8 1.0
q,(~7)

Slight shift of 15t minimum towards smaller q,
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Vertical structure of P3HT+F,TCNQ films at the air-water interface
e X-ray reflectivity (XRR)

PETRA IIl, PO8
Fitting software : REFLEX, https://reflex.irdl.fr/Reflex/
E
«  P3HT+F,TCNQ at 5mN/m 80 F,TONQ34%,,
F,TCNQ29%__
1 v
o PSHT pUI‘ 37.5 4 I:4TCNQ170A)m0I ,/’.

o ® F,TCNQ8.5% _ | -

0.0t ® F,TCNQ17%__ ' |

1 e F,TCNQ29.1% _ < 3707 ’
> ) )
2 1E-4 ! @F TCNQ34% _ o F,TCNQ8.5%
2 1E5 * £ 265 mol
c e 7 ,
e . £ K
g 1E-6 . £ /.
2 1E7 T
© 36.0 - e
T es . P3HT pur

o'VVy - L
1E-9 :“23‘2‘.;; . .'
"I | [ ] A *
1E-10 ¢ ¢ R 3559
1E-11 = T o 0 a0 5 0o 5 10 15 20 25 30 35
F TCNQ%
qz (Al) 4 mol

Slight shift of 15t minimum towards smaller g, = Film slightly thicker (+2A)
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Vertical structure of P3HT+F,TCNQ films at the air-water interface
e X-ray reflectivity (XRR)

PETRA IIl, PO8
Fitting software : REFLEX, https://reflex.irdl.fr/Reflex/
« P3HT+F,TCNQ at 5mN/m [seriex 80 FTCNQ34%,,
F,TCNQ29% __
1 v
o PSHT pUI‘ 37.5 4 I:4TCNQ170A)m0I ,/’.
o ® F,TCNQ8.5% _ | e

oot @ F,TCNQ17% __ ' |

163 e F,TCNQ29.1%__ < 3707 g
2 1E-4 . 0 o
@ ., ® F, TCNQ34% 4 F,TCNQ8.5% _
9 1E5 * X 365 /
E © 36 p
o 1E-6 = ’
-‘g | § g //.
2 1E7 T
© 36.0 - e
T es . P3HT pur -

Yviy 1 o
1E-9 :“gfzﬁ‘.;; . H
N "I | ] A *
1E-10 ¢ ; 3 $3 3559
1E-11 = L S e L 5 0o 5 10 15 20 25 30 35
F TCNQ%
qz (Al) 4 Q 0mol

Slight shift of 15t minimum towards smaller g, = Film slightly thicker (+2A)

= Insertion of F,TCNQ between the two layers

Also observed in spin-coated films. Ref.: D. T. Scholes et al., Adv. Funct. Mater., 27(44), 1702654 (2017)
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Electronic conductivity determination

® /n situ doping, directly at the air-water interface

P3HT + F,TCNQ K,}
\\//
Aspiration
Inverted Langmuir-
Schaeffer technique LUK //
at 5 mN/m : —

Rg measurement and electronic conductivity determination
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Electronic conductivity determination

® /n situ doping, directly at the air-water interface

P3HT + F,TCNQ %\L
\\_\\/ /
Aspiration
Inverted Langmuir-
Schaeffer technique LI ;«'f/
at 5 mN/m ' e

Rg measurement and electronic conductivity determination <

® Ex situ doping, after the film transfer

/f P3HT
|’ ,

\\\\//
Inverted Langmuir- ffsza‘i°n
Schaeffer technique L ’y/,,‘g;/
at 5 mN/m ’ ' o )

Ex situ doping
Dipping 15min in
F,TCNQ solution

0,1g/Lor 0,36mM
(solvent : acetonitrile)
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Electronic conductivity determination

* P3HT+F,TCNQ at 5mN/m
Effect of F,TCNQ amount

In situ doping

1

0.1 F . TCNQ34%_
F,TCNQ29%,_

|
0.01
F,TCNQ8.5% _ F,TCNQ50%, _
F,TCNQ17% _
53 4P3HT pur
1E-
1E-5 T T T T T

Optimum F,TCNQ amount = F,TCNQ34%__,

ol

Electronic conductivity (S/cm)
w

S

= Tunable electronic conductivity
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Electronic conductivity determination

* P3HT+F,TCNQ at 5mN/m

Effect of F,TCNQ amount o ) _
in situ vs ex situ doping

In situ doping

1

Dopage ex situ

Dopage in situ F TCNQ
01 F,TCNQ34% _ 7 ‘ ol

B F,TCNQ29%__ 5
%) a
2 001 %‘ 0.01
"% I:4TCNQ8'5O/0moI F4TCNQ5O%mo\ 8
(&)
S >
3 F,TCNQ17%__ 5
o (@]

1E-3 o 1E-3
o P3HT pur o
c c
o o
g 3]
o 1E-4 o 1E-4

1E-5 4 T T T T T 1E-5

Optimum F,TCNQ amount = F,TCNQ34%,,, = Electronic conductivity of

= Tunable electronic conductivity the same order of magnitude
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Conclusions

e P3HT film organized at the air-water interface

= Bilayer with edge-on orientation, rectangular non-centered lattice
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Conclusions

e P3HT film organized at the air-water interface

= Bilayer with edge-on orientation, rectangular non-centered lattice

® /n situ doping with F,TCNQ
= Slight lattice contraction contraction
= Film slightly thicker

= Insertion of F,TCNQ between the two layers

Film thickness (A)

38.0

37.5 4

37.0 4

36.5

36.0 4

35.5

arll |

5 10 15 20 25 30 35 40 45 50
0,
F.TCNQ%

mol

T
o
[

= 0.01

E1E-3

e 1E-4 [

-~ 1E-5

Electronic conductivity (S/cm)
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Conclusions

e P3HT film organized at the air-water interface

= Bilayer with edge-on orientation, rectangular non-centered lattice

38.0

® /n situ doping with F,TCNQ

37.5 4

= Slight lattice contraction contraction

37.0 4

T
o
[

= Film slightly thicker

36.5

Film thickness (A)

= Insertion of F,TCNQ between the two layers

36.0 4

e Control of F,TCNQ amount in P3HT film

35.5

= Tunable electronic conductivity 0 5 10 15 20 25 3 3 40 45 50
F,TCNQ%

mol

= Electronic conductivity of the same order of magnitude between in situ and ex situ doping

~001
~1E3

~1E4

-~ 1E-5

Electronic conductivity (S/cm)
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Conclusions

e P3HT film organized at the air-water interface

= Bilayer with edge-on orientation, rectangular non-centered lattice

38.0

® /n situ doping with F,TCNQ

37.5 4

= Slight lattice contraction contraction

37.0 4

T
o
[

= Film slightly thicker

36.5

= Insertion of F,TCNQ between the two layers

Film thickness (A)

36.0 4

e Control of F,TCNQ amount in P3HT film

35.5

= Tunable electronic conductivity 0 5 10 15 20 25 3 3 40 45 50
F,TCNQ%__

= Electronic conductivity of the same order of magnitude between in situ and ex situ doping

® Perspectives : Study the P3HT film structure after ex situ doping with F,TCNQ

~001
~1E3

~1E4

-~ 1E-5

Electronic conductivity (S/cm)
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Protocol : electronic conductivity determination

= Application of voltage U, measurement of |
U
= Ohm'’s law : calculation of Rg= 7T

= Calculation of electronic conductivity (S/cm)
1

film thickness . R

Copper electrodes
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