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~Introduction and objectives

1-Design of new electron donors for BHJ solar cells
. Synthesis of the oligomers and copolymers

. Self-organisation properties
. Optical and electrochemical properties
. Photovoltaic properties

2-Nano-structuration of P3HT
. Formation of nanofibers with P3HT
. Nanostructured layers and photovoltaic properties

3-0Organic-Inorganic hybrid composites for solar cells

. Preparation of nanocrystals-polymer composites

. Nanostructured hybrid composites

. Self-assembly approach : control of the morphology
Conclusions
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Introduction
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Bulk-heterojunction solar cells (p-n)

* 2 Interpenetrated percolating networks cathode

» Optimal phase segregation (10-20nm)

B Electron Acceptor
LUMO anode
Tc* | —
—_ LUMO
7I* Heeger et al.,Science, 1992, 258, 1474.
n + Photo-induced charge transfer < 10-2s
+ HOMO
—— T ﬁ
+ HOMO
Electron Donor %

Photo-induced charge transfert
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Introduction
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Best performances :
5 % obtained with P3HT-PCBM active layer

M. Reyes-Reyes et al., Appl. Phys. Lett., 2005, 87, 083506.
W. Ma et al., Adv. Funct. Mater., 2005, 15, 1617.

G. Li et al., Nature Mater., 2005, 4, 864.

Y. Kim et al., Nature Mater., 2006, 5, 197.
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Objectives

1-Design and synthesize new oligomers and vy visible  Near Infra-Red — Infra-Red
polymers showing large absorption
spectral range.
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Solar spectrum AM1.5

0,12

2-The energy levels must be |
precisely tuned 008 -
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3-Optimization of the chemical structures to facilitate the self-organization

Strategy : Acceptor-Donor O - Alkyl

Alternate regioregular copolymers 'O KHSJ/
S\
WV Rt

4 n
Alkyl
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Synthesis of the thiophene-based precursors
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CgHq7 CgH17 CgHq7
I\ s / N s I\ s, I\ s
S \ / S \/ . S \ S \
CgHq7 CeHi7 (x) n=33% CgH17
Liv) n=40% (Vi) n=42%
CgH
CgHiz . CgH17 g7
(i) (v)
[\X =, [ . U\(O
s n=84% s~ Br n=56% S H
(vii) n=61%
CgH17
]\ S
oy
CgH47

Conditions:

(i) BuLi, THF, B(OBu),, HCI, Propanediol, (ii) NBS, DMF, (iii) Mg, THF, B(OBu),, HCI, Propanediol, (iv) Buli, THF, CuCl,, (v) Mg, THF, DMF, (vi) (B2), Pd(P(Ph),),, K;PO,, DMF,
(vii) TiCl,, Zn, THF, (viii) BuLi, THF, CISn(Me),, (ix) NBS (2.5eq), Chloroforme, (x) FeCl,, Nitromethane-Chloroforme, (xi) Ni(COD),, COD, Bipy, THF-DMF

(xii) Pd(P(Ph),),, K,PO,, DMF, (B1- B5)
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Synthesis of the fluorenone-based precursors

&0

Suzuki, Stille coupling conditions

(M4) n=15%

(M8) 1=30% CeHiz
(M1) N=72%
CeHyy o
o] o CgHy7

e L0 (M7) (M6) s/ 7 \

/o sT S
J O.O U ) «— —, L/ s O. s s
\\/O CgH17 n=66% n=80% Q \

Symmetric monomers
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Synthesis of the fluorenone-based copolymers

&0

(Suzuki)
Yield=73%

Molecular Weight and Polydispersity (SEC)

Electrochemical or (FeCl,) 0 CgH17
Yield=73% B
Ty o
O
(N-Bromo or N-lodo Succinimide) CgH17
Yield=80% PDOBTF
CgH
e (Yamamoto)
H Yield=95%
alo

)
/S ! O.O @Halo

Polymerization Mn Mw Mw/Mn
method (Da eq PS) (Daeq PS) PDI
Oxidative (FeCl,) 4990 31550 6.33
Electrochemical 5890 12820 2.18
Ni catalyzed (Br) 3010 8650 2.87
Ni catalyzed from (1) 1920 4620 241

MW 1 nesy =74kDa and PDI=1.8

Demadrille et al. Macromolecules, 2003, 36, 7045.
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CgH17

Size Exclusion Chromatography Analysis

— Oxidative
— Electrochemical
— Ni Catalyzed (Br)

5,5 6.5 7,5 8,5 9,5

Retention time (min)
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Synthesis of the fluorenone-based copolymers

&0

Electrochemical or (FeCl,) CgH17

0
Yield=73% | N
4

O 7 e

CgH17

(N-Bromo or N-lodo Succinimide)
Yield=80% PDOBTF

o. A\ (Suzuki) CBH1
7@ /B/Q Yield=73% ! o) (Yamamoto)
/ Yield=95%
U
(O~

7@‘3\’3@ (Suzuki)
0]

0]
Br
Yield=80%
)
. Br PQTF

Halo Halo

CgH47

CBH17 (FeCI3) O
Yield=81% n
CgH17 (Stille) | D ’ .
T\~ S _sn— ulle S S
S W A Yield=95% \ | CgH1q7
Caflrz CgH47
v
CgH
(FeCly) 0 g
Yield=90% O. S S
' (O

CgH47
PTVF
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Self-organization properties

&0

100 & oo

gor

E oa e
i 3D Self-organisation of fluorenone-based polymer PDOBTF
00 R - lamellar type system.

Planar molecule
Lamellar organization
in bulk-crystal
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Self-organization properties

&0

gor e

E os s
i 3D Self-organisation of fluorenone-based polymer PDOBTF
00 R - lamellar type system.

Planar molecule
Lamellar organization
in bulk-crystal

2D monolayer
on HOPG
STM study
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Self-organization properties

Brun et al. Adv. Mater., 2004, 16, 2087.

[ W8 P3DDT (HT)
/ n
Ci2Has

-Three different types of chains folds (60°, 120°, 180°)
-Size of the monodomains < chains length (~18nm)

PDOBTF
: SRR -Only one type of chain folds (120°)
2D monolayer e -Size of the monodomains ~ Chains length (~17nm)
on HOPG 2 BEEER e T
STM study o T
Polymer rigid: better 2D self-organization
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Self-organization properties

&0

QTF8 on Al,05;, AM-AFM image. QTF8 on HOPG, NC-AFM image.

P.Leclére, B.Grévin and M.Linares

Nanofibers and molecular wires are made of packed
oligomers stabilized by pi-pi interactions

Indo-French Workshop D. Frisbie et al, J. Phys. Chem. B, 2004, 108, 19169 11/10/2008 14
B. Grévin et al submitted.



Optical properties

&0

(HH)

500 -

384nm (n—n*) b
SRR B 522nm (m—m*)
Re! %)
< 50 -2: 08 -
0,6 -
200 -
0.4 1 Abs edge
%
100 . 476nm (n-n* CO) - 670 nm
0 ‘ ‘ : 0
250 350 450 550 250 350 450 550 650
A(nm) A(nm)

Molecular coefficient of absorption

35000 < ¢ (UV) < 89000 mol-'.L.cm™
6000 < ¢ (Vis) < 24000 mol-'.L.cm-'
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Optical properties

&0

(HH) PDOBTF
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Extension of the spectral absorption range

&0

(HH) Post polymerisation reaction

BeasVeans

Tuning of the spectrum by changing
the grafting level
Shift of the A, from 484 nm to 572nm
(+88nm)

Absorbance (a.u)

Absorption extended to 750nm
Highest grafting level : 73%
Poor solubility

Demadrille et al. Macromolecules, 2003, 36, 7045. 280 380 480 580 680 780
Buga et al Macromolecules, 2004, 37, 769. A(nm)

UV-vis spectrum of PDOBTF at different grafting levels
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Electrochemical properties

&0

Electrochemical study by cyclic voltammetry

I E vs. vacuum (eV)
. 21pA 4
n-doping )
3| 34
----------- PDOBTF PDOBTF-PCBM
-4.1
o N 1
9uA .
I p-doping .
I T T T 5.4
-2000 -1000 0 1000
-6 -6.5
E vs Ag/Ag+ PDOBTF
PCBM
PDOBTF -7
c PFDOBT- HH film 0.5 um thick |
0z b
Evidence of the sequential TR . prdoplng of
n and p doping L
- W . —
\ raduclion of
. Muorenone v= 0,15 Vs
Demadrille et al. New.J.Chem., 2003, 27,1479. ’ 0.25 M TEABF, in sulfolane
Demadrille et al. Electrochimica Acta, 2005, 50, 1597.

Levi et al. J.Solid.State.Electrochem. 2007, 11, 1051. "3 25 2 45 a4 45 0 05
E/W (v=. Ag 5 0u1 M AgNO, in AN)
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Electrochemical properties

B Al
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Devices architecture and characterizations CEA-DRT-LITEN - INesS

DE LENERGIE SOLARE

&0

J 4 (mA.cm?)

E

v |
mai(.’_ /VOC
Pmax / V (V)
Jmax — / P
LiF (1nm) Al (100nm) N
l SC
FF = Fill Factor

PEDOT: PSS (40nm) FF = (Vmax X Imax) / (VOCX ISC)

—]
1 glass FF * VQC * ISC
° -—
c n (%) =
ontact ITO (180nm) Contact =)
Cr- Au Cr- Au irr

A
\VERY o
<©> 48
DVQ

100mw.cm™ AM 1,5

TR H.CO
_-i__r.:,-_:".h,_ -

,{Z; .5 Active surface 28mm? 5-20mg.mL"1 MDMO-PPV: P3HT:
=-;';_I;r_.-.- Chlorobenzene PCBM (2,8%) PCBM (4,5%)
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Photovoltaic properties CEA-DRT-LITEN “7-INeS

CgH17

CgHi7 0
/\// \ \ n
QCBHW
CgH47 CgH17
= 2

f;c ;%'fg\n/A/ em J., = 5.93mA/cm? PeTF
F|O=C: 0.54 TVF V.. =0.57V Mw > 2,3 kDa
n = 0.58% FF =0.43

n = 1.45%

Jsc = 3.61mA/cm? J. = 6.02mA/cm?

Vo = 0.82V V,. = 0.45V PTVE
FF=04 FF=0.44 Mw > 3kDa
n=119% n = 1.20%

bemadrille et al. J.Mater.Chem., 2007, 17, 4661. Lincker et al. Adv.Funct.Mat., 2008, under press.
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DE

CgH17
‘ N
S S
n

Incident Photon to Current Efficiency (IPCE)  CEA-DRT-LITEN 'ﬂe§

&0

(o]
0,35 - | > |
0,3 CgH17
A Solid state with PCBM
‘5 0,25 - PDOBTF
gg CgH
o T
—_— S S
g 0,15 - O.O \ | CgH17 )
o
O o01-
0,05 - 35
30 | — PDOBTF
0300 400 500 600 700 800 TVF
A(nm) 25 - — PTVF
20 - — PQTF

15 A
Photons collected by the fluorenones

are efficiently converted into electrons

IPCE (%)

10

300 400 500 600 700
Demadrille et al. Adv.Funct.Mat., 2005, 15, 1547.

Demadrille et al. J.Mater.Chem., 2007, 17, 4661. A (nm)
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Nano-structuration of the polymers (S.Berson and coll.)

&0

Goal: to develop a fabrication technique for controlling the morphology
of the active layer and by consequence for improving
the charge carriers mobility

Nano-structuration of active layers influences Jsc and FF

CeH13

/ \ gap ~1,9 eV
* . . Absorption edge 650 nm

n

Best performances of P3HT:PCBM solar cells 5% BUT after post
annealing treatment 5-30 min at 100-150°C

This type of treatment is not compatible with flexible substrates
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Photovoltaic properties of copolymers

After annealing crystalline domains are formed

25

"-—--notannealed —annealed
2 20F .
@ 20 | (100) :
5 b
i 15 :
> X
£ 10}
@ g
9 [
£ 5
N

20(°)
U. Zhokhavets et al., Thin Solid Films 2006, 496, 679.

R. A. J. Janssen et coll., Nanoletters, 2005, 5, 579.

mmmp  Structuration of P3HT : formation of fibrillar-type network

Fribrillar Structures of P3HT can be obtained by a modification of
solution processing

K. J. lhn et al., J. Polym. Sci. : Part B : Polym. Phys., 1993, 31, 735.
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Elaboration of the nano fibers in solution

- Complete dissolution of the polymer (hot solution)
- Cooling to room temperature (slowly)

- Maturation of the fibers

<EZD 7123 (ézg ?IED ’,;;ﬁ::: f:;::7 c::;;zzr \\‘::EESQ
2Pt 2= =
SEISERS (= N2 |l =\
S D] == /) 7\
1 wt% P3HT in p-xylene
” —2h
10 | f _g: Solution of polymer (2 h)
I ——21h
0L ——28h
——48h Stable dispersion of fibers (48 h)

-. — -.1
F
j =
|

0,6 -

Absorbance [u.a.]

04

02 F

0,0 1 . 1 . 1 . 1 . 1 T } >
350 400 450 500 550 600 650 700

longueur d'onde [nm]

I Preparation of concentrated dispersions (2 wt%)
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Photovoltaic properties CEA-DRT-LITEN - Ines

DE LENERGIE SOLARE

Merlo, Frisbie, J. Phys. Chem. B, 2004, 108, 19169

450000
400000 10000
350000 000 ' 2 T
e - Sa g
§ 300000 4500 : r. t
% 250000 2000 .- ,},z,g . i x
3 20 T e 1NN i
© 150000 e Dyl z“) j—;
100000 ' ?J v
e o, i
O o b o
3,8 A

0 ] T 3
b 26 [degrees] » 30 b‘?}‘gfj}k? .

n—stacking

Thickness =5 -15 nm

Width = 30 - 50 nm e
Length = 0,5 - 5 um >

—
o
‘©
>o
<>
Height
%
f?i;.

204

0,8
EV]
n=3,6%
Without annealing
20 Increase of Jsc
S. Berson et al., Adv. Funct. Mater., 2007, 13, 1377
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Organic/inorganic hybrid thin film solar cells (P.Reiss and coll.)

Dispersion of semiconductor nanocrystals in a conjugated polymer matrix

Advantages of nanocrystals used as electron acceptors:

- Large and modulable absorption spectrum
- Electron affinity can be tuned (size, material)

- Percolation and electron transport improved by
anistropic nanocrystals (e.g. nanorods, tetrapods)

Nanocrystals blended Functional oligomers Functional polymer
in a polymer matrix

t‘¢

1 |s
b >\“\7 4 m
a—" '_4.
ﬂ

O

A

3

EEEE |-
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Hybrid preparation: blend approach (F.Chandezon and coll.)

CdSe nanocrystals (nanorods)/P3HT PCE =1,7%
Huynh et al. Science 2002, 295, 2425

N.C. Greenham et al.

PRB 54 (1996) 17628 ZnO nanocrystals in MDMO-PPV PCE =1,6%

Beek et al. Adv. Mater. 2004, 16, 1009

CdSe nanocrystals (tetrapods)/MDMO-PPV PCE = 2,8%
Sun et al. J. Appl. Phys. 2005, 97 014914

Solvant: CHCI,

O and X ‘

MDMO-PPV or P3HT
E/) 40000

30000

v

—1:9

—13
— 111
—31

6:1
— 911
—— NCs/EDOT

20000 |

Normalized PL, a.u.

PL quenching in blends of

EDOT-coated nanorods and MDMO-PPV N /;i i
& w0 @0 | om0 7 CdSe/EDOT: MDMO-PPV

Wavelength, nm

Low power conversion efficiencies due to a lack of morphology control <0.3%
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Hybrid preparation: blend approach

Solvant: Chlorobenzene
- O and ligand ‘
P3HT

CdSe-Pyr: P3HT 9:1 (90 % w/w)

| X
~
J (Alcm?
N ( ) / V (Volts)
0. (15— —————————— ->
ojo 0:1 D.IZ 0:3 0:4 0:5 D.IG 0I7J 0:3
-0.001 /
-0.002 ./
. / r
003 -
0.004 " Voc=0.728 V
,.’—"'/. Jsc =-5.09 mA/cm®
o0sy e FF =0.438
Rend=1.62%
S -0.006
» CdSe-EDOT: P3HT 3:1 (75 % wiw)
0 n=~0,01%

Higher power conversion efficiencies due to better morphology control 1.6%
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Hybrid preparation: nanostructured polymer matrix

Directional epitaxial solidification of the polymer in a crystallizable solvent.

Preparation of thin films (100 nm) nanostructured and oriented P3HT : alternating
crystalline lamellae and amorphous zones

P3HT+CdSe NC
solution in TCB

P3HT+CdSe NC
solution in TCB

2D conjugated P3HT
sheets )
Edge-on oriented

T .
TN Step3 P3HT lamellae
1.6nm b

Crystalline

lamella | '\‘
N
Cpanr
CTCB ) ) )
Cristallisation of Cc ;1 =2 x Cig
Indo-French Workshop M. Brinkmann et al. , Adv. Mater., 2007, 19, 3819. 11/10/2008 30
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Hybrid preparation: bio-inspired self-assembly approach

&0

@ “Traditional’ blend P3HT-CdSe

_,N

I
L
i

F N H
100 fm . >F
"

?,N

H.-

lfﬁ 'S “ é\(\fﬁé(\f s ﬁ.f

Molecular recognition between
a diaminopyrimidine-functionalized P3HT »
and thymine-functionalized nanocrystals via triple hydrogen bonding 4] "

De Girolamo et al., J.Phys.Chem.B., 2007 it + &

Synthesis of specific ligands for the surface modification of the nanocrystals

Synthesis of regioregular polythiophene with complementary functional groups
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- Morphology control (avoiding undesirable
aggregates)

- Simple process, large area, flexible substrates,
low consumption of materials

- Interpenetrated network (appropriate morphology)

LBL deposition to fabricate hybrid materials

CEA-DRT-LITEN -~

0,56* 2 M+ 2N
— 3 PM + 3Nx
ITO | —— 3 0481 —ePmton.
S
-; 0,4 ——8 PM +8NXx
—9 PM + 9Nx
1 g 032 —— 10 PM + 10Nx
m 1
o
—— 5 0.
o]
0,16
polymer <
0,08
S
300 400 500 600 700

) . . . Longueur d'onde (nm)
UV-vis absorption monitoring

in each step the same quantity of polymer and nanocrystals is deposited.

210"

0 10"°

Courant (A)

-110°
-1.510"
210"

15107 |
1107
51077 |

5100

-1 -05 0

INe

NNNNNNNNNNNN
DE LENERGIE SOLARE

210°

11.510°
1110°®
1510°

010"

—

e

15107
1110°
1-1510°

(v) yueinod

0.5

1

Potentiel (V)

1.

-210°
5

Proof of concept : measured photovoltaic effect
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Summary:

&0

-We have developed synthetic and processing strategies to fabricate BHJ
solar cells

-We have new materials which can be used to fabricate organic solar
cells (PCE : 1,5%)

-New processing technique: nanostructuration of P3HT without annealing
(PCE of 3.6%)

-New hybrid materials and original processing strategy based self-
organization properties of P3HT and on molecular recognition.
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