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Retours sur le cours precedent N°5 : technologies couches minces inorganiques

Daniel Lincot, College de France, 2/03/2022



Analyse de cycle de vie technologie CIGS : cas de I'Indium

Daniel Lincot, College de France, 2/03/2022



Daniel Lincot, College de France, 2/03/2022
'indium est rare et critique mais il provient d’une ressource plus

abondante : le zinc
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Sous forme de couches minces (économie d’atomes)
son utilisation a grande échelle est possible dans le photovoltaique

CIGS Thin Film Photovoltaics for EU’s prosperity, energy transition
and enabling net zero emission targets

Indium production in Europe is sufficient for more than 100 GW per year PV

production with potential to meet TW challenges in a cost effective manner

Coordinated developments are essential for industrialisation and
applications of CIGS PV

EU can reach a leading position in future markets OIPVF HZB IIIIIIIII
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Source: https://cigs-pv.net
Contact: E-Mail: info@cigs-pv.net
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https://cigs-pv.net/wortpresse/wp-
content/uploads/2021/07/Indium Availability for CIGS thin-

film solar cells in Europe.pdf

pv magazine

Indium supply not an issue for CIGS
industry

Scientists Ayodhya Tiwari and Daniel Lincot recently spoke to pv magazine about the
Turure of copper indium gallium selenide solar tech, which could play a kKey role in
providing flexible, lightweight products in the building-integrated PV segment.
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MIODULES & UPSTREAM MANUFACTURING [l TECHNOLOGY AND RAD

https://wWww.pV-
magazine.com/2021/08/11/indium-
supply-not-an-issue-for-cigs-industry/

Daniel Lincot, College de France, 2/03/2022
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Six-junction III-V solar cells with 47.1% conversion

5020 efficiency under 143 Suns concentration

John F. Geisz & Ryan M. France, Kevin L. Schulte, Myles A. Steiner, Andrew G. Norman, Harvey L.

Guthrey, Matthew R. Young, Tao Song & Thomas Moriarty

Nature Energy 5, 326-335 (2020) ‘ Cite this article
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L'age d’or des cellules photo-électrochimiques a
semi-conducteurs pour la conversion directe en
électricité (1977-1990)

Avant les cellules a colorants

Daniel Lincot, College de France, 2/03/2022



1977

Q

SCE
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o

Proc. Natl. Acad. Sci. USA
Vol. 74, No. 10, pp. 4116-4120, October 1977
Chemistry

n-Type Si-based photoelectrochemical cell: New liquid junction
photocell using a nonaqueous ferricenium/ferrocene electrolyte

(optical energy conversion/solar energy/photoelectrochemistry/Si photoelectrodes)

KENNETH D. LEGG*, ARTHUR B. ELLIS, JEFFREY M. BOLTS, AND MARK S. WRIGHTON'

Department of Chemistry, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139
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FIG. 4. Interfacial energetics of n-type Si exposed to ethanol
solution of Fe(Cp)2 and Fe(Cp)a*.

Table 2. Output characteristics of Si-based
photoelectrochemical cell*

Input Open-
power $, at circuit Vat
at 632.8 short- photopoten- Nmax»
nm, mW circuit tial, mV mV
0.41 0.38 300 200
1.65 0.35 350 200
4.15 0.37 400 200

* These data are culled from the current-voltage curves in Fig. 3; the
conditions are given in the legend.

Vv

max — _
C - Ecb E

redox

Daniel Lincot, College de France, 2/03/2022



1977 ELECTRODE MATERIALS FOR PHOTOELECTROCHEMICAL DEVICES

AJ. NOZIK
Marerials Research Center, Allied Chemical Corporation, Morristown, New Jersey 07960, USA

Journal of Crystal Growth 39 (1977) 200-209

Table 2
Summary of experimental studies on electrochemical photovoltaic cells
Semiconductor Electrode form Electrolyte Redox couple References
electrocyte
n-CdS Single crystal KCl/KqFe(CNg/K3Fe(CN)g Fe(CN)¢—/Fe(CN)g~ 133,32,17]
n-CdS Single crystal NaOH/Na,S/S $2-/s [34]

Poly crystalline film NaOH/Na,S/S $2—/8 [39.40]
n-CdS Single crystal KCl/CH30H - [36,37]
n-CdTe Polycrystalline film NaOH/Na,S/S S2-/s [40]
n-CdSe Single crystal NaOH/Na;S/S s2—/s [34]
n-BiyS3 Polycrystalline film NaOH/Na;$§/S §2-/s [40]
n-ZnSe Polycrystalline film NaOH/Na;S/S $2—/8 [40]
n-TiO4 Polycrystalline film NaOH, HCIO4 H20/02 [38]

Single crystal HCl H20/02 [23]
n-GaAs Single crystal HC1 -~ [37]
p-Si Polycrystalline Na;HPOg4 - [35]

and amorphous films

p-CdTe Polycrystalline film NaOH/Na;,§/S 52—/S [40]

— —

Daniel Lincot, College de France, 2/03/2022



1984

A 14% efficient nonaqueous semiconductor/liquid junction solar cell

Autres systemes
GaAs, CdTe, InP, CdSe
XZIX,% : X=S,Se,Te en

James F. Gibbons,® George W. Cogan, Chris M. Gronet, and Nathan S. Lewis® .
milieu KOH

SERA Solar Corporation, Santa Clara, California 95054

Appl. Phys. Lett. 45 (10), 15 November 1984 0003-6951,

glass
/ ectrode
electrolyte ‘ >Z
mmﬁﬂuﬂ:mking .
sealant electrode | insulator

ohmic contact _,/'

Si/CH,;0H — Me,Fc*/°

T
14%

8

n-Si/methanol
thin-layer cell
100 mW/

5
r—

Current Density (mmcmz)
=3
|

0.6 0.4 0.2 0.0
Voltage (V)

Daniel Lincot, College de France, 2/03/2022



Autres systemes : GaAs, CdTe, InP, CdSe - X?/X,%> : X=S,Se,Te en milieu KOH

1978 : 12 % 1988 : étude des mécanismes

12 % >N-GaAs : Se*/Se,” KOH avec traitement Ru ADSORPTION OF TELLURIDE IONS ON CADMIUM
TELLURIDE - CONSEQUENCES FOR
PHOTOELECTROCHEMICAL CELLS , LINCOT, D;
VEDEL, J, JOURNAL OF PHYSICAL CHEMISTRY
92(1988) 4103-4110

A. Heller, B. A. Parkinson, and B. Miller, Appl. Phys. Lett.
33(1978) 512

1987 : 15%
Chemical modification of n-GaAs 1990 : 16,4%

electrodes with Os** gives - n

a 15% efficient solar cell Efficient photoelectrochemical

, solar cells from electrolyte
Bruce J. Tufts, Ian L. Abrahams, Patrick G. Santangelo,

Gail N. Ryba, Louis G. Casagrande & Nathan S. Lewis* modification

Department of Chemistry, Stanford University, Stanford, California Stuart Licht & Dharmasena Peramunage

94305, USA Department of Chemistry, Clark University, Worcester,

Massachusetts 01610, USA
NATURE VOL. 326 30 APRIL 1987

NATURE - VOL 345 - 24 MAY 1990

N-GaAs : Se?/Se,> KOH avec traitement Os
N-CdSe (1,7 eV) : Fe(CN)g*"* -KOH V.5 =1,2V

Daniel Lincot, College de France, 2/03/2022



Les cellules photo-¢électrochimiques pour la
conversion chimique directe -photocatalyse

Electrolyse de 'eau - hydrogene, reduction du CO,

Vidéo support : la
découverte

de l'effet
photovoltaique (2020)

https://www.youtube.com/w
atch?v=N20pgyACXxL8

Daniel Lincot, College de France, 2/03/2022
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1972

BULLETIN OF THE CHEMICAL SOCGIETY OF JAPAN, voL. 44, 1148—1150(1971) El ectrochemi C.al PhOtOlYSiS Of W at e r
Electrochemical Evidence for the Mechanism of the at a Semiconductor Ele,ctrode
Primary Stage of Photosynthesis”
Akira FunsuiMa and Kenichi Honpa NATURE VOL. 238 JULY 7 1972 p. 37

Institule of Industrial Science, The University of Tokyo, Roppongi, Minato-ku, Tokyo
(Received October 13, 1970)

& TiO,+2 Av—>2 e +2 p+
o Egyv> Eredox (excitation of TiO, by light)

4

conduction band 2 p++ HEO—)'% 02 + 2 H L

i (at the TiO, electrode)

s i 2 e~ +2 H*—>H,
Eald Eg— H,0 (at the platinum e¢lectrode)
L)
valence band
semiconductor clectrolyte

Fig. 2. A mechanistic model of photosensitized HIG + 2 h\"—:"% 01_ + H_E_

electrolytic oxidation.

Sujet en pleine renaissance

2 Photocatalyse, réduction du CO,
Daniel Lincot, College de France, 2/03/2022




1968

Electrochimica Acta, 1968, Yol, 13, pp. 1509 to 1515. Pergamon Press. Printed in Northern Ircland

SENSITIZATION OF CHARGE INJECTION INTO
SEMICONDUCTORS WITH LARGE BAND GAP*

H. GEerISCHER, M. E. MICHEL-BEYERLE,

F. REBENTROST and H. TRIBUTSCH

Institut fiir Physikalische Chemie der Technischen Hochschule, Miinchen, Bundesrepublik
Deutschland

Mécanismes précurseurs (<1900) : la photographie avec transfert
des trous dans un réducteur adsorbé, permettant de faciliter la
réduction de AgCl

Daniel Lincot, College de France, 2/03/2022



Une approche alternative : la sensibilisation de la
surface par greffage de molécules, ouvrant la voie
aux cellules a colorants

Daniel Lincot, College de France, 2/03/2022



Fluorescéine
HO O O
(J
‘ COOH

A XIQ

FA

u, v

Fig. 2, Current/voltage characteristic for zinc-oxide single-crystal electrode-
0, without illumination and without dye; 1, with illumination and without dye;
2, with illumination and with dye.

Effect of switching off the light is indicated by the arrows,

La molécule de colorant se greffe a la surface (chimisorption)

ot 667 & &+ & N )
surface ---Zn-O-Zn-O-Zn-0-- ZnS + ACOO" 2 MOOCAS

Daniel Lincot, Collége de France, 2/03/2022 Pont electronique



C’est la molécule qui génere le photocourant et non le semiconducteur

On sait enfin se brancher sur une molémolécule !

Zone de collecte (1 nm)

Semiconductor Electrolyte >
(n-type) e N | v
Photocourant (3) LUMO
""—mg: ! BC oxyde ;/F ;
EC__
hv Tension
maximale
Absorption (2)

@1 S

I S¥—=5" +e” C =y HOMO

.—ll'—'_'--I 1 4 O‘f
Photon (1)
Colorant (1 nm)
- . BV oxyde Tio, Electrolyte

D. Lincot m I'actualité chimique - février-mars 2012 - n® 360-361
Daniel Lincot, College de France, 2/03/2022

Le semiconducteur n’est plus I'absorbeur !!!



Les cellules a colorants : l’irruption des concepts de la photosynthése dans le photovoltaique

- Photovoltaique moléculaire Photon
- Découverte du concept

de réseaux interpénétrés Adsorption d’un colorant

Matrice poreuse de TiO,

Injection d’'un électrolyte
lodure

Multiplication de la surface
developpée
1 cm? = 1000 cm?

Daniel Lincot, College de France, 2/03/2022



1991 NATURE - VOL 353 - 24 OCTOBER 1991

1]

A low-cost, high-efficiency solar

.ps - #*\ TiO,-Ru*
cell based on dye-sensitized ) ]
colloidal TiO, films L\ H |

- |
L} L ] L1 I‘
Brian O'Regan™ & Michael Gritzel+ oac]
Institute of Physical Chemistry, Swiss Federal Institute of Technology, oof »—_]
EH-1G15 Lausanne' Swnzeriand - Wavelength (nm) -
icondluct d lectrol ducting gl 10— 1012 51
semiconductor  dye electrolyte gggn;lecrtgfgdgr o 10 10%<s COOH
e A (5+/5") ' %/ Transfert rapide £~ =\
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AN AT
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e
load .
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Daniel Lincot, College de France, 2/03/2022



Récapitulatif
Réactions a I'anode
Circuit extérieur

ehomo + hV 2 eIumo +h

homo
@
T— Lumo
/0 A €umo 2 €ac 2 Cext
|
[ ]
-+ 0 hv o hhomo + Redelectrode 2 Chomo T OXcontre electrode
qVv 1
l Red ) -
£ o— | Transport dans |'électrolyte

—_— D
® OX OXelectrode 2 OXcontre électrode
HOMO

Redcontre électrode 9 Red électrode

m Réactions a la cathode
/ C)Xcontre électrode T Cext ~ Red contre électrode
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E vs NHE (V)
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Aux sources du concept (citées par B. O’Regan & M. Graetzel)

1977

Matsumura, M., Nomura, Y. & Tsubomura, H.
Bull. chem. Soc. Japan 50, 2533 (1977).

1981

Dye sensitization of ceramic semiconducting electrodes
for photoelectrochemical conversion

N. Alonso V., M. Beley, P. Chartier
Laboratoire d'Electrochimie et de Chimie Physique du Corps Solide,

Université Louis-Pasteur, 4, rue Blaise-Pascal 67000 Strasbourg, France

and V. Ern

Institut de Physique (*). Université Louis-Pasteur, 5, rue de I'Université, 67000 Strasbourg, France

Revue Phys. Appl. 16 (1981) 5-10

Vprm (W)
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I 1 1 T
a) dinonadecyl Ru (I1)*
b) without dye
02~ -
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Q
<
E
o1 ~
b
0 T T T T,
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E (V/SCE)

. * 74
Dans la conclusion Donné par J.P. Sauvage

Although it is premature to speculate on any future
technological application of such device, it is
worthwhile to emphasize that cheap, large scale,
production of ceramic oxides is already a well known
art in electro-acoustic transducer technology.
Moreover, ceramics have the advantage of increasing
the effective electrode area and a better use of

diffuse light.  Daniel Lincot, Collége de France, 2/03/2022



H. Chang et al / Journal of Alloys and Compounds 495 (2010) 606—610

2010
Dye-sensitized solar cell using natural dyes extracted from spinach and ipomoea

Et les colorants naturel ?

H. Chang®*, H.M. WuP®, T.L. Chen¢, K.D. Huang¥, C.S. Jwo¢, Y.]. Lo?

» 1.0-
SVl ~ 081
<
E 0.6-
<«—— chlorophyll-b E:
H " 1@
3 0.4
E |
5 0.2-
o
n.ﬂ' T v T v T v | . L] - |
0.0 01 0.2 0.3 0.4 05 06
Fig. 8. Chemical structure of chlorophyll-a and chlorophyll-b contained in spinach and in ipomoea leaves. Vol tage f‘\-" )
Photoelectrochemical properties of solar cells with natural extracts.
Dye Vo (mV) Jsc (mAJcm?) Prax (mW/cm?) FF (%) Refs.
Spinach 550 0.46 025 51 -
lpomoea 540 091 036 5633 -
Skin of |aboticaba 660 26 1.1 62 [16]
Black rice 551 1.14 0372 52 [4]
Sicilian orange 340 3.84 0.68 50 23]
Skin of eggplant 350 3.40 0.44 40 23]

Daniel Lincot, College de France, 2/03/2022



R. Svafinar et al. / Energy Procedia 79 (2015) 896 — 902

2015 International Conference on Alternative Energy in Developing Countries and
Emerging Economies

Chlorophyll Pigments as Nature Based Dye for
Dye-Sensitized Solar Cell (DSSC)

R. Syafinar , N. Gomesh®, M. Irwanto®, M. Fareq®, Y M. Irwan’

“Centre of Excellence for Renewable Energy (CERE), School of Electrical Systems Engineering, Universiti Malaysia Perlis
{UniMAP), Malaysia.

Extract solvent Va L. Fill Factor, FF
(mV) (mA) (%)
Ethanol 334 032 036
DI water 440 035 049

400 450 500 550 600 650 700 750 800

Wavelength (nm)
Fig. 4. Absorption spectra of S-Etha and S-DI

Daniel Lincot, College de France, 2/03/2022



Renewable and Sustainable Energy Reviews 16 (2012) 208-215

Contents lists available at SciVerse ScienceDirect

Table 2
Renewable and Sustainable Energy Reviews Photoelectrochemical parameters of natural dye based DSSCs.
journal homepage: www.elsevier.com/locate/rser D]IrE J“ {mﬁcm 1] ‘.."m_ |:'|.I':| FF 1 .:'%] Reference
Rosella 1.63 0.40 057 037 [13]
Review: D itized sol IIs based tural vh it Blue pea 037 017 0323 0.05
eview: Dye sensitized solar cells based on natural photosensitizers Mixed rosella-blue pea 0.82 0.38 0.47 0.15
Monishka Rita Narayan Black rice 1.14 0.55 052 - [31]
School of Engineering and Information Technology, Faculty of Engineering, Health, Science and Environment, Charles Darwin University, Darwin NT 0909, Australia Capjicum 'D_23 |:|_41 'DE.H- -
Rosa xanthing 0.64 0.49 052 -
20 1 2 Kalp 0.43 0.44 062 -
Erythrina variegate 078 0.48 0.55 -
h d Bixin 1.10 0.57 0.59 037 132]
anthocyaniains. Annatto 053 0.56 066 0.19
Morbixin 0.38 ns3 0.64 013
Crocetin 2.84 043 0.46 0.56 [33]
Rl R] Crocin 0.45 058 0.60 016
RZ e Fruit of Calafate G6.20 047 036 - [34]
OH PEI“E‘?‘”*“ H H Syrup of Calafate 1.50 0.38 020 -
& Cyandin CH H Skin of Jaboticaba 7.20 0.59 054 -
o Peoricdin COCH; H Red Sicilian orange 1.84 0.34 050 - [35]
OH foi Purple eggplant extract 3.40 0.35 0.40 -
Rl Dulp e ditt CH OH Dragon fruit 0.20 022 030 0.22 [3E]
Petunidin OCH; OH Pomegranate juice 0.20 0.40 0.45 1.50 137]
B J
OH MWalvidin CICH: o H; Red turnip Q.50 043 037 1.70 [38]
Wild Sicilian prickly pear 8.20 0.38 038 1.19
OH Sicilian Indian fig 270 038 0.54 0.50
Bougainvillea 210 030 057 036
Pigments in plants. Shisonin 1.56 0.55 051 1.0 [39]
Shisonin and chlorophyll 4.80 0.53 0.51 1.31
Pigment Common type Occurrence Chlorophyll 3.52 0.43 039 .59
—— Betacvanins e P p Hibiscus surattensis 5.45 030 0.54 1.14 28]
etalains Eemx!;nmms “'-""'lf yllales an Sesbania grandiflora 4.40 0.41 057 1.02
C id Carotenes ;?lrc?tirsu:tg]!mtlc lants Hibiscus rosasinesis 404 0.40 0.63 1.02
arotenoids o bag’mm P Nerium olender 246 0.41 059 0.59
. . Ixora macrothyrsa 1.3 0.40 057 0.30
Xanthophylls Rfl:alnedbf?dm tl;n idm:j Rhododendron arbaretum zeylanium 1.15 0.40 064 0.29
E’Tr"uﬁ':z:arts s, fish an Begonia 0.63 0.54 072 0.24 [40]
. Tangerine peel 074 0.59 063 0.28
Chlorophyll Chlorophyll gll:“p:rsutusymhetlc Rhododendron 161 0.50 061 0.57
. i Fructus lyciia 053 0.69 047 017
Flavonoids :2:‘;;"‘"5 Widespread and Marigold 0.51 0.54 0.83 0.23
Chalcones includin an]:l i0speErms Perilla 1.36 0.52 070 0.50
Favonnls p— EE mfs feprns ' Herba artemisiae scopariae 1.03 0.48 068 0.34
EYmnosperme. China loropetal 0.84 0.52 063 0.27

Proanthocyanidins

and bryophytes

Daniel Lincot, College de France, 2/03/2022



Nos propres travaux : structure hiérarchique a base de ZnO -
électrodéposé aopy O

2010

Zinc oxide nanoporous
structure

Zinc oxide nanorods

Electrolyte

5-__ o e
2 ¢ R
B N
§§ ’ \\
f L AR §§, ’ \
r = 1 \ o
: M NanoooTOﬂmes deZn aa'uq—de £n0O nanoporeux & . \
£ . ' ' ' - 0 200 400 60(]
a” A ", . , ’ ) | l , . ¢  1 » : - | Voitage (mV)

S. Haller, T. Suguira, D. L|ncot T. Yoshlda Phys. Stat. Sol. A207(2010)2252 o .
+ Thace Servane Haller Daniel Lincot, College de France, 2/03/2022



T G

NATURE COMMUNICATIONS | (2021) 12:1777

ART'CLE m Check for updates:
https://doi.org/10.1038/541467-021-21945-3 OPEN

A molecular photosensitizer achieves a V. of
1.24 V enabling highly efficient and stable
dye-sensitized solar cells with copper(ll/l)-based
electrolyte

1 1,254

Dan Zhang1'2'5, Marko Stojanovic > Yameng Ren > Yiming Cao'?, Felix T. Eickemeyer
Etienne Socie® 3, Nick Vlachopoulosz, Jacques-E. Moser 3 Shaik M. Zakeeruddin' Anders Hagfeldt 2 &
Michael Gratzel® 1™

Daniel Lincot, College de France, 2/03/2022
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Le concept de cellules a réseaux interpenetres fait
décoller le photovoltaigue organique
Irruption des nanostructures dans le photovoltaique

Daniel Lincot, College de France, 2/03/2022



Semiconducteur

+ - Oy

Formation de paires électron-trou libres
Grandes longueurs de diffusion (1-500 microns)
—> collecte sur le longues distances

—> Dispositif par couches empilées p-n

- Photovoltaique classique

Matériaux organiques, molécules, polymeres

-
+

~N
+ N
L'électron et le trou restent Iés : EXCITON
Faible longueur de diffusion (10 -20 nm)
Recombinaison rapide,
pas d’assistance par le champ électrique
Pas le temps d’aller vers des contacts

- Rendement PV faible avec structure classique (couches)

Daniel Lincot, College de France, 2/03/2022



La dissociation des excitons et la separation des charges se fait aux INTERFACES

Interface

| |
| |
| |
®- : :
4\ 4 :
® L !

i 2 A
-> | |
| |
+ + |
I Q Q :
O4 I :
i O+ |
| |

i Contact HTL*
*HTL: hole transporting layer Contact ETL**

** . 1
ETL: electron transporting layer Daniel Lincot, College de France, 2/03/2022



Une rupture majeure !

© CanSlockPholo.com

Daniel Lincot, College de France, 2/03/2022



2009 Le photovoltaique organique (OPV) prend son envol

’ Park SH, Roy A, Beaupré S, Cho
szﬂf‘f S, Coates N, Moon JS, Moses D,
2 [ Lo Leclerc M, Lee K et Heeger Al
= (2009). Bulk heterojunction solar
& cells with internal quantum
5 efficiency approaching  100%.
ﬁ__ ) Nature Photonics, 3 : 297-US5.
|s0ev] s5eV
" 60eV
PCDTBT:PC,,BM PCroBM e

PEDOT:PSS

Glass

Daniel Lincot, College de France, 2/03/2022



L’art du mélange et du séchage : Influence de I’organisation a I’échelle nanométrique des

composants d’une cellule organique
ag . _ b

Park et al.
nature photonics

d 80
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Laver-by-layer processed binary all-polymer solar cells with efficiency over

Nano Energy 2022

Yue Zhang ™', Baogi Wu ™', Yakun He b Wanyuan Deng®, Jingwen Li®, Junyu Li®, Nan Qiao",

16% enabled by finely optimized morphology

d

Yifan Xing “, Xiyue Yuan®, Ning Li", Christoph J. Brabec ”, Hongbin Wu?, Guanghao Lu",
Chunhui Duan %%, Fei Huang?, Yong Cao®

(b)

= = Crystalline polymer
o 7\, Amorphous polymer

PYT, CF+CN

—
k]
e
[y ]

Current Density (mA cm™)

o
— A n-rant
—TA
5 ——CN
—— CN+TA
10} /
A5t /
/
o). /
_'_,_:-'-'
-35 i 1 i 1 . 1 1 1 i
0z 0.0 0.2 0.4 0.6 0.8 1.0
Voltage (V)

Daniel Lincot, College de France, 2/03/2022



Au sources des cellules perovskites

Daniel Lincot, College de France, 2/03/2022



Remplacer les molécules de colorants par des nanoparticules (quantum dots)
dans les cellules a colorants

CdSe, CdS,PbS,InP,InAs : excellentes propriétés de luminescence
Absorption élevée....

TVTIO, nanotubes
OTE/TiO, nanoparticles

Kongkanand A., Tvrdy K., Takechi K., Kuno M., Kamat F.V.
(2008). J. Am. Chem. Soc. 130, 4007.
Daniel Lincot, College de France, 2/03/2022



2009 JIAICIS

COMMUNICATIONS

Published on Web 04/14/2009

Organometal Halide Perovskites as Visible-Light Sensitizers for Photovoltaic
Cells

Akihiro Kojima,t Kenjiro Teshima,* Yasuo Shirai,® and Tsutomu Miyasaka*t-+!

Graduate School of Arts and Sciences, The University of Tokyo, 3-8-1 Komaba, Meguro-ku, Tokyo 153-8902,
Japan, Graduate School of Engineering, Toin University of Yokohama, and Peccell Technologies, Inc., 1614

Kurogane-cho, Aoba, Yokohama, Kanagawa 225-8502, Japan, and Graduate School of Engineering, Tokyo C aT|O
Polytechnic University, 1583 livama, Atsugi, Kanagawa 243-0297, Japan 3

Received December 9, 2008; Revised Manuscript Received April 1, 2009; E-mail: miyasaka@cc.toin.ac.jp (Mg Fe)S|O
3

CHsNHsPbBr:

> B : b
o‘- o o o Ammonium ion

r-

] - CH:NH "
- |

.'1 """"" :'. . Halogen ion
Br,I,CI

0 O Lead ion

Pb?* a— o
Daniel Lincot, College de France, 2/03/2022



La vole est ouverte

CHsNHsPbls/TiO--based cell
employed 0.15 M Lil and 0.075 Ml.
dissolved in methoxyacetonitrile.

CH:NH:PbBr:/TiO.-based cell
employed an electrolyte of 0.4 M LiBr
and 0.04 M Br.dissolved in acetonitrile

~In studies of durability, continuous
Mais ; ot
irradiation caused a photocurrent
decay for an open cell exposed
to air; this mechanism needs
more study to improve the cell
lifetime

70
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Table 1. Photovoltaic Characteristics of Perovskite-Based Cells?

perovskite sensitizer on TiO. Jsc (MA/em?) Voe (V) FF 1 (%)
CH;NH;PbBr; 5.57 0.96 0.59 3.13
CH;NH;PbI; 11.0 0.61 0.57 3.81

Grandes possibilités d’'ingénierie de bande interdite par substitution
anionique ou cationique

Daniel Lincot, College de France, 2/03/2022



Premiers essais dans une architecture de cellule a colorant (DSSC) avec des ilots

N. G. Park, Corée, 2011

N=6.5%

T. Myasaka, Tokyo, 2009

N=3.8%
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Les cellules perovskites s'affranchissent des
cellules a colorants

Daniel Lincot, College de France, 2/03/2022



2012

Les cellules perovskites d’affranchissent des cellules a colorants

- Nouvelle filiere couches minces tout solide

- Apport des cellules a colorants (contacts mésoscopiques TiO,)
et de ’'OPV (couches organiques ETL, HTL)

© CanSlockPholo.com

Daniel Lincot, College de France, 2/03/2022



On passe au tout solide !
2012

Lead lodide Perovskite Sensitized N=9.7%
All-Solid-State Submicron Thin Film
Mesoscopic Solar Cell with Efficiency
Exceeding 9%

Hui-Seon Kim', Chang-Ryul Lee', Jeang-Hyeck Im', Ki-Beom Lee', Themas MoehlZ, Arianno Marchiore?,
Soo-lin Moan®, Robin Humphry-Baker?, Jun-Ho Yum?®, Jocques E. Moser®, Michoel Gristzel®
————

Scientific Reports 2012
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Daniel Lincot, College de France, 2/03/2022



Comment est il possible que les électrons soient transportés via un isolant (Al203) ?

2012 Le transport se fait dans la perovskite comme dans un semiconducteur classique !
Efficient Hybrid Solar Cells Based T]=109%
on Meso-Superstructured Science 2012 : S

Organometal Halide Perovskites

Michael M. Lee," Joél Teuscher," Tsutomu Miyasaka,” Takurou N. Murakami®’ Henry J. Snaith'*
———————J S —————————————

-

-
o

Current density (mA cm?) @
@ =

A ‘" .
08 08 10 1.2

. Voltage (V)

®» (aV)

Source: Jacky Even
Daniel Lincot, College de France, 2/03/2022 Y




Depuis 2012, evolution des concepts de cellules et des procédes

HTM (Spiro-MeOTAD)

" (CHsNH,)Pbk + TiO,

—

E(eV)

2 .

MAPbI, MeOTAD

TiO
M. Graetzel, Lausanne -
(a) *\ (b) .
™ In situ
A dipping reaction
* Dripping % ﬁ
?b Spreading 3 1
?Anneallng
S ey oy
(d)
Organic vapor
4 Inorganic film g Inorganic nlmd /
Source : Jacky Even  substrate | Substrate | Substrate Substrate P

15eV HOMO

-5.43

%)

H. Snaith, Oxford

a) Dépot en une étape du précurseur

b) Dépdbt séquentiel en deux étapes

c) Dépot en phase vapeur avec deux sources
d) Dépot en solution assisté par phase vapeur

Daniel Lincot, College de France, 2/03/2022



Tsutomu
Miyasaka

2009 :3,8 %
Pb(CH,NH,)I,
MA : CH,NH,*

« MAPI » : MAPDI,

HTM (Spiro-MeOTAD)

(CH3NH3)Pbg’ : T.o2 ; HTM

........
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Deux naissances

‘Daniel Lincot, College de France, 2/03/2022

Daniel Lincot , College de France, 20-1-2022
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CHEMICAL

R EV I E W S & it This: Chern. Rev. XoOXK, XXX, X0XX-XX

Halide Perovskites: Is It All about the Interfaces?
Philip Schulz,*’H’v David Cahen,§ and Antoine Kahn'

"Institut Photovoltaique d'Tle-de-France (IPVF), 91120 Palaiseau, France
*CNRS, Institut Photovoltaique dTle de France (IPVE), UMR 9006, 91120 Palaiseau, France
YNational Center for Photovoltaics, National Renewable Energy Laboratory, Golden, Colorado 80401, United States
§"De]:mrtment of Materials and Interfaces, Weizmann Institute of Science, Rehovot 76100, Israel

“Department of Electrical Engineering, Princeton University, Princeton, New Jersey 08544, United States

ntact  (4)

ttom €O
\(\Q Bo

- . . @ electron @ hole O defect

m = = energetic barrier

o

E/eV

Bottom Ahsorber
contact

Top
contact

Review

pubs.acs.org/CR

Transport & puffer layer

Interface-related loss mechanisms in a simplified photovoltaic
device. After photoexcitation (1) carrier transport to the

contact interfaces occurs without significant losses. At the interface,
carrier extraction can be impaired by (2) interfacial energy barriers
due to inadequate band alignment, (3) defect-induced surface
(interface) recombination velocity S, and (4) back recombination of
extracted carriers, which still reside in the interface region. ECBM,
EvBM, and EF are the conduction band minimum, valence band
maximum, and Fermi level, respectively. Reprinted from ref 57.
Copyright 2018 American Chemical Society.
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Industrially Compatible Fabrication Process of Perovskite-Based
Mini-Modules Coupling Sequential Slot-Die Coating and Chemical Slot-die
Bath Deposition

Iwan Zimmermann,® Marion Provost, Salim Mejaouri, Marc Al Atem, Alexandre Blaizot, COatlng 3 .
Aurélien Duchatelet, Stéphane Collin, and Jean Rousset e W -

Cite This: https://doi.org/10.1021/acsami.1c24558 Read Online
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https://www.ipvf.fr/fr/symposium-edmond-becquerel/

Vidéos du Symposium (version francaise)

Vidéos du Symposium (version anglaise)

Témoignages Vidéos

Michael Graetzel - Genése et développement du photovoltaique moléculaire et
des cellules perovskite

Becquerel Day Testimonies

https://www.youtube.com/watch?v=G4w44AI51Ss&list=PL5Uq
kzFNKba-2yAtWSsilXzEiluFPk36A&index=8

Henry Snaith - The advent of
Perovskite solar cells

Becquerel Day Testimonies

https://www.youtube.com/watch?v=QCy5vjb1FlY&Ilist=PL5Uqgk
zZFNKba-csyN3DAazWTEEaNwvX9W|j&index=16

Daniel Lincot, College de France, 2/03/2022
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https://www.youtube.com/watch?v=G4w44Al51Ss&list=PL5UqkzFNKba-2yAtWSsilXzEiIuFPk36A&index=8

Sources complémentaires

- Pérovskites : Jacky Even

http://foton.cnrs.fr/v2016/article124.html @ G D R §oupement
. . . . 2022 HPero Halide perovskites
https://perocube.eu/video-interview-at-jacky-even-for-cnrs/ 5026 CNRS think tank on halide parovakitas

https://gdr-hpero.cnrs.fr/

—>PV organique : Guillaume Wantz
https://www.ims-bordeaux.fr/fr/annuaire/5117-wantz-guillaume

Réseau PV organique

Voir aussi vidéo d’introductionde Guillaume Wantz en 2012
https://www.youtube.com/watch?v=Gros9zotFus



http://foton.cnrs.fr/v2016/article124.html
https://www.ims-bordeaux.fr/fr/annuaire/5117-wantz-guillaume
https://perocube.eu/video-interview-at-jacky-even-for-cnrs/
https://www.youtube.com/watch?v=Gros9zotFus
https://gdr-hpero.cnrs.fr/

Des propriétés physiques exceptionnelles

L/ NS~
https://cv.archives-ouvertes.fr/jacky-even Q\J?E%
a) Structure de bandes favorable m_=0.15, m,=0.12 B .
1
b) Quasi-absence de niveaux électroniques profonds _ 7
c) Exciton quasi-dissocié a la température ambiante L soc VARSI |
d) Longueurs de diffusion de 100nm a 1micron 3
e) Possibilités d’ingénierie de gap optique ]
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Source : Jacky EVEN, Foton, Rennes

Daniel Lincot, College de France, 2/03/2022


https://cv.archives-ouvertes.fr/jacky-even

Interface engineering of highly efficient perovskite solar cells n — 19 3%

H. Zhou, Qi Chen, G. Li,1 S. Luo, T. Song, H. Duan, Z. Hong, J. You, Y. Liu, Y. Yang UCLA

Science 2014
40ev 4.0eV

53 eV 5.22 eV

spiro=ONe/lAD,

ITO/PE Y:TiO,  Perovskite Spiro-OMeTAD  Au

18
15
|
I
12-
| A
@ 4 | b’l" 0““""“"":#%:4"—:#—"—"—&“&“—5—1}4‘—“‘0;/7
- 9- | E 4
g é‘ 5 Voc=1.13V
> ] . £ {  Jsc=2275mA/cm’
il ' = -10- FF =75.01%
O 6 . %’ J Eff=19.3%
5 -15- Area: 0.1 em’
3 ' 3 1 at one sun
' =
4 | @
: . :
0' 5 225 - . . - v . s v . r .
14 15 16 17 18 19 20 0.0 0.2 0.4 0.6 0.8 1.0 1.2

P CE (y Voltage (V)
Source : Jacky EVEN, Foton, Rennes ~° Daniel Lincot, Collége de France, 2/03/2022
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In the jungle of OPV materials

Voir aussi vidéo de Guillaume Wantz en 2012
https://www.youtube.com/watch?v=Gros9zotFus

Guillaume Wantz
guillaume.wantz@ims-bordeaux.fr

Bordeaux INP, ENSCBP, University of Bordeaux
IMS Laboratory (UMR CNRS 5218), FRANCE

BORDEAUX

Daniel Lincot, College de France, 2/03/2022
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https://www.youtube.com/watch?v=Gros9zotFus

Source : Guillaume Wantz Analyse des publications OPV

17%
Analysis of 1075 articles with PCE > 8% osB o ©
16% |- Robin Szymanski, Gilles Roche, Guillaume Wantz (unpublished) o 8%0 O

15%
14% |

13% |

PCE

12%

11%

10% |

9% I

8% L O O I
6/2014 6/2015 6/2016 6/2017 6/2018 6/2019
) o, Years
U ﬂ! versite
BORDEAUX Daniel Lincot, College de France, 2/03/2022



Organic Electronics Group
at Univ. Bordeaux (France)

Source : Guillaume Wantz

oembordeaux.cnrs.fr
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Source : Guillaume Wantz

OPV: real products |

#MadelnFrance -

WWW.asca.com
www.beautiful-light.eu

www.armor.fr
http://www.beautiful-light-factory.com
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POWERED BY Afm

: R & D and prototyping

: Commercialisation of 40 Wp/m?2 modules

: 70 Wp/m? products to be available
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http://www.asca.com/
http://www.beautiful-light.eu/
http://www.armor.fr/
http://www.beautiful-light-factory.com/

source : Guilume wartz. PIHT:PCBM, the best seller !

Analysis of 579 Papers
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] o, M.T. Dang, L. Hirsch, G. Wantz Advanced Materials 23 (2011) 3567
U ﬂ} versite
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3"d Generation
Semiconducting Polymers

%O_} {C’% *_{_6‘;{){@_}? N

poly(para-phenylene) poly(para-pyridine)

poly(para-phenylene vinylene) poly(para-pyndiyl vinylene) .- T
N /7 N\
In o]
e~y ) i
X X * \

Source : Guillaume Wantz

n

Push-pull copolymers

WO,

) Electron-rich Electron-poor
trans-polyacetylene cis-polyacetylena
—0
m MEH-PPV
H
polythiophene polypyrrole

Nobel Prize Chemistry 2000
« for the discovery of conducting polymers »

A.J. Heeger Chem. Soc. Rev. 39 (2010) 2354
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Exemple de problématique OPV
Additive effect: a complex story

PCPDTBT - Increasing phase separation and aggregation of polymer chains
TEM imagesl Scheme

Source : Guillaume Wantz

a. without additive b. with additive PCEs

R A B Without additive: ~ 3.5%
g@%}%&%@ : A ... 1,8-octanedithiol : 5.5%0
203

’{ﬁw 4.8 1,8-octanedithiol : 5.5%

5, oS %N%
PCBM non-crystalline

\

WIthOLIt DIO W'th 3 V0|%D|O PCPDTBT chain PCPDTBT
fibril

100 nm

1Liao, H.-C. et al. Energy & Environmental Science, 6 (2013)

PTB7 — Decrease of phase separation by preventing the aggregation of the fullerenes

TEM images? Scheme?

(a) CB
PCEs
@ Without additive: 3.9%
1,8-diiodooctane: 7.4%
(b) CB:DIO

&p - = T

25.D. Oosterhout et al. Nat. Mater. 8 (2009)

i With 3 vol%DIO
Without DIO ° 3S.J. Lou et al. JACS 133 (2011)
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Table 2 Effects of processing additives on the phase separation of various D:A blends and the

Review of additives for OPV

efficiency of OSCs based on them.

Phase Efficiency without-

D:A blend Additives separation with additive References
P3HT:PCs; BM 1,8-octanedithiol Increase 0.6% to 2.6% BO
P3HT:PCs; BM 1,6-hexanedithiol Increase 0.46% to 3.16% 70
P3HT:ICBA® N-rmethyl-2-pyrrolydinone Decrease 1.15% to 3.45% a6

1,8-diiodooctane 1.15% to 2.97%
1,8-octanedithiol 1.15% to 3.09%
PCDTBT*PC,,BM 1,8-diiodooctane Increase 4.89% to 5.91% 72
PCPDTET: PC;,EM Alkanedithiol Increase 2.8% to 5.5% 11
Alkanedithicl Increase Mo PCE reported B2, 84, 87
PCPDTBT: PC;EM 1,8-diiodooctane Increase 2.6% to 4.5% 83
1,8-diiodooctane Increase Mo PCE reported 81
PCPDTBT:PCy BEM 1,8-octanedithiol Increase 3.35% to 4.50% 7
1,8-diiodooctane 3.35% to 5.12%
1,8-dibromooctane 3.35% to 4.66%
PCPDTET: PC;,EM 1,8-diiodooctane Increase 1.68% to 4.62% 77
1,8-octanedithiol 1.68% to 3.87%
1,8-dichlorcoctane 1.68% to 3.45%
PTB7: PCy BM 1,8-diiodooctane Decrease 3.92% to 7.40% 88
1,8-diiodooctane Decrease Mo PCE reported 1]
DPPT®:PCg;BM 1,8-diiodooctane Decrease 0.6% to 3.4% a0
DF'F'BT“:PC,E,BM 1,8-diodooctane Decrease 1.0% to 5.2% 90
POTSTPD:PC;BM 1,8-diodooctane Decrease 1.0% to 7.3% |, 92

“Indene-CBO bisadduct.
"Paly[N-11'"-henicosanyl-2, 7-carbazole-alt-5,5-(4" 7'-di-2-thienyl-2', 1,3 '-benzothiadiazole)].

“Poly(diketopyrrolopyrrole-terthio-phene).

YPoly(diketopyrrolopyrrole-quaterthio-phene).
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REVIEW

Formulation strategies for optimizing
the morphology of polymeric bulk heterojunction
organic solar cells: a brief review

Uyxing Vongsaysy,*™%* Dario M. Bassani,® Laurent Servant,®
Bertrand Pavageau,” Guillaume Wantz,% and Hany Aziz®

“Review of formulation strategies for optimizing the morphology
of polymeric bulk heterojunction organic solar cells”

U. Vongsaysy, D. Bassani, L. Servant, B. Pavageau, G. Wantz, H. Aziz
Journal of Photonics for Energy (2014) ASAP

Daniel Lincot, College de France, 2/03/2022



