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Le renard et la Cigogne : lorsque une fable de Jean de la Fontaine (1621-1695)
nous parle aussi d’énergie et de la COP21

1- Avoir une source d’énergie
2- Développer des technologies adaptees
@ pour l'utiliser : Savoir s’adapter !

Source : fergant.clg6l.ac-caen.fr



Photovoltaic Solar Electricity Potential in European Countries

' AR EUROPEAN COMMISSION
DRECTORATE-GENIRAL
== Joint Research Centre

< © European Communities, 2006
http://re.jrc.ec.europa.eu/pvgis/
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Yearly sum of global irradiation incident on optimally-inclined south-oriented Global irradiation [KWh/m?]
photovoltaic modules <600 800 1000 1200 1400 1600 1800 2000 2200>

Yearly sum of solar electricity generated by 1 kWp system with optimally-inclined <450 600 750 900 1050 1200 1350 1500 1650>
modules and performance ratio 0.75 Solar electricity [kWh/kWp]




'énergie photovoltaique dans le secteur
de I’énergie

@ D.Lincot, College de France, COP 21, 9-11-15




2000 : Début des politiques clés de soutien au développement du photovoltaique
2005-2015 : Le photovoltaique passe de I’épaisseur du trait a 1%
de la production mondiale d’électricité
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PV Status
Report 2014

Cumulative Photovoltaic Installations [GWp]

November 2014

2015 : 200 GW (1% de la production électrigue mondiale)
Projection 2020 : 500 GW
Projection 2050 : 4,5 TW , 16% de I'électrcité mondiale (AlE)

@ D.Lincot, College de France, COP 21, 9-11-15




TABLE 1: TOP 10 COUNTRIES FOR INSTALLATIONS AND TOTAL INSTALLED CAPACITY IN 2014

TOP 10 COUNTRIES IN 2014 TOP 10 COUNTRIES IN 2014

FOR ANNUAL INSTALLED CAPACITY FOR CUMULATIVE INSTALLED CAPACITY
15t B - 10,6 GW . 38,2 GW
9 nd ® | japan 9,7 GW B e 28,1 GW
3rd B s 5,2 GW ® | japan 23,36W
Ath == 2,3GW BR oy 18,5 GW
Sth T 1,9 GW = 18,3 GW
pth BB o 0,9GW BE o 5,7 GW
7th WAl Australia 0,9GW B spain 54 GW
gth :.'ﬂ Korea 050w == w 5,1 GW
gth B southafrica 0,8 GW o ustralia 4,1GW
1Dt" = India 0,6 GW I . Belgium 3,1 GW

WIUPARERS HAVE BEEN ROUWNDED Source: IEAPYVIS
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Moteur du développement du
photovoltaique :

I'abaissement du colt de |'électricité
photovoltaique
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Strategic roadmap for photovoltaic générators

Efficiency, %
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US$0.10/W US$0.20/W US$0.50/W

/ 7

Thermodynamic

limit

US$1.00/W

Present limit

US$3.50/W

Cost, US$/m?

|- Crystalline Silicon (2008)

|*-Crystalline silicon (2015)

lI- Thin Films

l1l- MultijoMultijunctions and new concepts




Cout de production de |'électricité PV

Ressource : 1,3 MWh par m? et par an

Production du module
— Rendement du module : 15% soit 150 W
— Production 200 kWh/an soit 4 MWh sur 20 ans

Cout de I'électricité

— Cout actuel du module : 0,6 S/W soit 90S pour 150 W

— LCOE (module) = 90/4000 = 0,0225/kWh

— LCOE (total) = LCOE(M)+LCOE(Systeme)+autres : <0,1
S/kWh

Futur LCOE(M): 1 ¢S/kWh ? Pour 0,3S/W



Effet du financement sur le prix de I'électricité photovoltaique (Source AIE)

0.25 7 80%
- 70%
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’ I - 10%
000 T : - 0%
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B Investment o&M B Cost of capital = Percentage cost of capital

Motes: This example is based on cutput of 1 360 kWh/kW/y, investment costs of USD 1 500/W, annual operations and maintenance
{O&M) of 1% of investment, project lifetime of 20 years, and residual value of 0.

Share of cost of capital in LCOE



Current and Future
Cost of Photovoltaics

Long-term Scenarios for Market Development,
System Prices and LCOE of Utility-Scale PV Systems

Cost of electricity from new solar power plants in Southern and Central Europe

STUDY
———Agora—
2015 2025 2035 2050 _—
—_— —_— —_— ———  ZZ Fraunhofer
a8 ISE

ctikwh®
.

* Real values in EUR 20M; bandwidth represent different scenarios of market, technology and cost development, as well as power
plant location between south of Germany (190 kWh/kwp/y) and south of Spain (1680 kwh/kwWp/y); assuming 5% (real) weighted
average cost of capital.



Capacity (GUW)
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2014 was a record year for the renewable power sector with 133 GW of net additions. More than 100 GW of new renewable
power capacity have been added every year since 2011



\' Solar Thermal
Electricity

2014 Editior

New roadmap vision for solar electricity:
PV + STE
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2015 2020 2025 20230 2035 20310 2045 2050
Salar PV Solar CSP Share of PY —=—%Share of PV+5TE

Together, PV and STE could become the largest source
of electricitv worldwide before 2050



DES ROUTES SOLAIRES ?

Le revétement est composé de cellules photovoltaiques recouvertes d’'un
alliage transparent afin de résister au passage des poids lourds. - ©
Joachim Bertrand / COLAS Innovation Bouygues/colas-INES



Les différentes filieres photovoltaiques actuelles

About 47.5* GWp PV module
production in 2014

Cellule en couches minces 2010

. . 0
Thin film o 10%
Mono-Si Il

0
Multi-Si I S0%

Cellule au Culln,Galse,

4 N-Zni)

1-F micrans

Verre

Data: from 2000 to 2010: Navigant; from 2011: IHS (Mono-Multi- proportion: Paula Mints). Graph: PSE AG 2015
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Mécanismes fondamentaux de la
conversion photovoltaique



Energie d’'un photon : E = hV = hC/A

L'interaction lumiere-matiere
Un dialogue énergétique permanent entre et Photon-Electron

énergie Métal Semi-conducteur Molécule
1 électron excité
/ Niveau d’énergie permis
—
N . BC —
A % 'ﬁ:_ |Um0
E=-qV ! 3| photon
' 2||13| E =chaleur 2|, 3 BI 2 )
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Photosyntheése : des cellules photovoltaiques couplées a
des transformations électrochimiques a I’échelle moléculaire

Reduction
LUMO
[ &I —
1—eu? ——
- H:JIHJ-
—F J-K -
Photon o = [FeiCMg]
~— Fed*/Fe3-
— Cgbrlds
HOMO B3 4
. CO, + 2H" + 2~ — CO + HLOE" = —0.53 V
Oxydation : = :
i CO, + 2H' + 2~ — HCO:H E* = —0.61V
CO,+4H" +4¢~ » HCHO+H-0 E* = —0.48 V
CO,+6H " +6e = CH;OH+H,0E" = —0.38 V
CO:»+8H " +8e - CHy+2H-0 E° = —0.24V
CO, + e — CO E"= 190V
t edex
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Direction of increasing energy of electron
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Ref : M. de Wild Scholten « Energy pay back time and carbon footprint of commercial PV systems »

Solar Energy Materials and Solar Cells, 119(2013)296



1954 Naissance des cellules PV modernes au silicium

Si dopé P (B)
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IEEE JOURNAL OF PHOTOVOLTAICS, VOL. 4, NO. 6, NOVEMBER 2014

1433
Achievement of More Than 25% Conversion
Efficiency With Crystalline Silicon
Heterojunction Solar Cell
Keiichiro Masuko, Masato Shigematsu, Taiki Hashiguchi, Daisuke Fujishima, Motohide Kai, Naoki Yoshimura,
Tsutomu Yamaguchi, Yoshinari Ichihashi, Takahiro Mishima, Naoteru Matsubara, Tsutomu Yamanishi,
Tsuyoshi Takahama, Mikio Taguchi. Eiji Maruyama, and Shingo Okamoto
TABLE |
PrOGRESS IN CELL PARAMETERS
Year 2013 2004 Improvement
Arca [em®] 1018 1437
Thickness [pm] 03 150
V.. [V] 0750  0.740 —13%
Jae [mASem?] s 41 .8 F5.85¢
EE [%] #3.2 827 —0.6% 20 | -4 T% [2013)
E [%] M7 236 365 25 6% (2014)
o
<00 S00 OO o] 1100 1300
Wawvelength (nmj)

@ D.Lincot, College de France, COP 21, 9-11-15



2014 : Structure de la cellule solaire record

- couche(s) de

(n) -Si passivation
(= 150 um, texture)
| (1) a-Si:H
(=10 nm)

(p) a-Si:H (n*) a-Si:H électrodes
(=10 nm) (=10 nm) meétalliques (= 40 pm)

Dessin: Jean Paul Kleider, CNRS
@ D.Lincot, College de France, COP 21, 9-11-15



Les difféerentes technologies
photovoltaiques

@ D.Lincot, College de France, COP 21, 9-11-15
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Les filieres photovoltaiques en couches minces (quelques microns d’épaisseul
- Silicium amorphe & microcistallin (rendement 13,5%)

- CdTe : Tellurure de cadmium (rendement 21,5%) noté CdTe

- Diséléniure de cuivre de gallium et d'indium (rendement 21,7%) noté CIGS

22%
21%  Record silicum polycristallin (20,8%)
20%
19%
18%
17%
16%
15%
14%

13%
1993 1998 2003 2008 2013 2018

Certification Year

Record Cell Efficiency %]

-GS i—n—i:dTa

I WL, .-

@ D.Lincot, College de France, COP 21, 9-11-15



Coupe transverse d’une Cellule en couches minces au Cu(ln,Ga)Se,
noté CIGS

@ D.Lincot, College de France, COP 21, 9-11-15




Cellules solaires au CdTe



Les cellules solaires CdTe

N . o
Avant traitement thermique Apres traitement (400-500°C)
Glass Glass
Sn0, (0.5 um) N— Sn0, (0.5 um)
N CdS (0.5 pm) N CdS (0.1 um)
Cd(S,Te) (0.4 um)

P CdTe (2-5 um)
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Cellules solaires au CIGS



Best Research-Cell Efficiencies ::NREL
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Record efficiency 20,4 % on plastics




nare LETTERS
materlals PUBLISHED ONLINE: 18 SEPTEMBER 2011 | DOI: 10.1038/NMAT3122

d 7n0 Cd5

Highly efficient Cu(In,Ga)Se;, solar cells grown on
flexible polymer films

Adrian Chirila™*", Stephan Buecheler', Fabian Pianezzi', Patrick Bloesch', Christina Gretener',
Alexander R. UhI', Carolin Fella', Lukas Kranz', Julian Perrenoud', Sieghard Seyrling’,
Rajneesh Verma', Shiro Nishiwaki', Yaroslav E. Romanyuk', Gerhard Bilger? and Ayodhya N. Tiwari'

ClGE5s MDSEE Mo
i -, 2
7 12eV
.
............ .L------ S
\‘_‘_’_ E"I
SR QNR "




A
v~
It
2015 DVQ

21% Contacts

N**ZnO : Al (1 um) —
Window Layer

N-ZnO (100 nm)

Buffer layer | N-ZnS 10- 50nm
N Cu(In,Ga).Se: (?) aa ‘-

P Culn,, Ga, 5 Se, (2 um)/n

Absorber layer

Ga
Back contact P* Mo(S,Se), (10-100 n
Substrate Mo (0,5 um)
Glass or metal/plastic foil Na*
Not to scale



PROGRESS IN PHOTOVOLTAICS: RESEARCH AND APPLICATIONS
Prog. Photovolt: Res. Appl. (2010)
Published online in Wiley InterScience (www.interscience.wiley.com). DOl 10.1002/pip.955

SPECIAL ISSUE PAPER

Buffer layers and transparent conducting oxides
for chalcopyrite Cu(ln,Ga)(S,Se), based thin

film photovoltaics: present status and

current developments

N. Naghavi'*, D. Abou-Ras?, N. Allsop?, N. Barreau®, S. Biicheler*, A. Ennaoui?, C.-H. Fischer?,
C. Guillen®, D. Hariskos®, J. Herrero®, R. Klenk?, K. Kushiya’, D. Lincot', R. Menner®,
T. Nakada®, C. Platzer-Bjorkman®, S. Spiering®, AN. Tiwari* and T. Térndah!®
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Approaches for ZnS based window layers

n-type rf, 200:8) MOCVD tf. 200:4l rf, Zn0Al rf.2r0:4l rf, Zr0iAl
windows = Zr0:B
v 200 tf, 200 rf.2n, 0 rf. 20, Mo
Buffer 20(S00H) 2n(5/0.0H) 20(S0) 2n(50) 20(50/0H) 20(S00H)
prtype
absorber 3
Metal Based
Electrode
hstrate Soda-lime Soda-lime Soda-ime Soda-ime Soda-ime Soda-ime
suostra Glass Glass Glass Glass Glass Glass
Nakada & al. Kushiya & al. Ennaoui & al. Hariskos & al. Hubert & al,

Contreras & al,




Evolution de I’interface Mo/Cu(Galn)Se, dans les cellules
photovoltaiques en couche mince a base de CIGS en fonction
du temps de sélénisation du Mo.

B. Theys*, G. Patriarche**, T. Klinkert*, M. Jubault*, D. Lincot*

*Institut de Recherche et Développement de |’Energie photovoltaique (IRDEP)
UMR 7174 CNRS-Chimie ParisTech, EDF

Submitted 2015 6, quai Watier 78400 Chatou
** Laboratoire de Photonique et Nanostructures (LPN)
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Potassium-induced surface modification of
Cu(In,Ga)Se, thin films for high-efficiency
solar cells

Adrian Chirila™", Patrick Reinhard', Fabian Pianezzi', Patrick Bloesch', Alexander R. Uhl',
Carolin Fella', Lukas Kranz', Debora Keller', Christina Gretener', Harald Hagendorfer',
Dominik Jaeger?, Rolf Emi?, Shiro Nishiwaki', Stephan Buecheler and Ayodhya N. Tiwari'
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350°C
Post deposition treatments (GB and Surface)

Received 14 May 2013; accepted 25 September 2013;
published online 3 November 2013



C
CuZpy, In 3d;
3 3
L. 2
Z Z
9 W
g g
E oPOT|  E Na PDT
! NaF
W KF
936 934 933 932 931 930 448 446 444 442
Binding energy (e\) Binding energy (e\)
e
Ealpw Se s

Mo POT

No POT
N NaF

Intensity Ca.u.)
Intensity Ca.u.)

MaF

KF ¢

|
>

WA w8 M7 1ms »\3 oW 28 227 25
Binding anergy (e\) Binding energy (eV)



rossMark
APPLIED PHYSICS LETTERS 105, 013902 (2014) @ E k-

Influence of grain boundary modification on limited performance of wide
bandgap Cu(ln,Ga)Se, solar cells

M. Raghuwanshi,’? E. Cadel," P. Pareige,’ S. Duguay,’ F. Couzinie-Devy,? L. Arzel,?

and N. Barreau®
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Cell performances
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Cu Concentration (%)
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Physics of grain boundaries in polycrystalline photovoltaic semiconductors
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Linescan/‘

FIG. 2. Atomic-resolution aberration-corrected Z-contrast images of inco-
herent £3 GBs in (a) CdTe and (b) CIGS.

State of Cu at GB still under qulestion "\ / E,

FIG. 7. A sketch showing the band diagram of the p-n-p junction at the GB.
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Substitution of Indium : The Kesterite alternative Cu,ZnSn(S,Se), 1-1.7 eV

Present efficiency : 12,6%
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/\ O\ -
u1+ |n+3282— » @
/[ /\ N\ -~ @
2Cu'* Zn2+ Sn*+ 482 * @




L'irruption des perovskites



Efficiency (%)

50

48

44

40

<
D

[F%)
[N)

[N
oo

O
o~

o)
o

16

12

Best Research-Cell Efficiencies

Uirruption de la filiere perogdhNREL

NATIONAL RENEWABLE ENERGY LABORATORY

Multijunction Cells (2-terminal, monolithic)  Thin-Film Technologies
LM = attce matched O CIGS (concentrator) Bosing- Shap
™ MM = metamorphic ® CIGS Spectro%ab Solar— (IMM, 302)
IMM = inverted, metamorphic 0 CdTe (LM364)  Spire Junction Soitec
V' Three-junction (concentrator) 0 Amorphous Si:H (stabilized) Spectrolah | Fraunhofer ISE Semicgnductor VLS | b, 2500 4.7%|0|
- X Threge-junption (non-concentrator) 4 Nano-, micro-, poly-Si (MM, 299%) | (MM, 454x) (MM, 406x) o] 44.4% )%
A Twerjunclion (concenirator) Emerging PV Boeing-Spectrolab  Boeing-Spectrolab Sotee”,, NREL
5 Tworuncion {non-concentrator) O Dye-sensitized cells (MM,179x) (MM, 240x) (4], 31%%) () 327X]
- Four-!unct!on or more (concentrator) O Perovskie cells (not stabilized) — el NREL Solar
Four-unction or more (non-concentrator) ® Organic cells (varous types) NREL 7“1 ] — w357 Jncion Spectmlab (SJ) 38.8%]a]
Single-Junction GaAs A Organic tandem cells Boeing- (LM, 418x) .V Sham (M) 37.9%h 4
A Bipon ® Inorganic cells (CZTSSe) Spectrolab S (M)
- A Concentrrillor < Quantum dot cells A
V Thindiim crystal NREL (M) P ShaVN M NREL
in-film crysta ] b ------------ ¥FhG-SE (467x)
Crystalline Si Cells Japan SPECIORD b et
[~ B Single crystal (concentrator) NREL  Energy * IES-UPM FF%I%E 2RAEL
B Single crystal (non-concentrator) Varan Spectrolab (1026x)
O Multcrystaline Varian (216x] Radboud U Ala
gl (216x) \ SN FIGISE AA .
L @ ThickSifim 2060 pA S”g%i_”” Alggmx 0 A Devices panasoric
® Silicon heterostructures (HIT) NREL ________;“n__-_--------------"'ﬂ( X) Alta Panasonic, SunPower
V' Thin-im crystal S(tffé%d B e R e T ISE " Devices (large-aree)
) i, NREL (14.7)
BN BN - = S‘;";;j'
(1. Waison A= ==="= : UNSW/  NREL Sanyo y___.-____---Z-SW‘E PA AR First Soar
Research Center) UNSW Georgia  Eurosolare  (14x) zw 2ol (Flx poly S~ Solibro
- ARCO Georgia G$or%1a Tech - ‘ SFH g “KRICT
in0- Spire . Tech €c NREL SOlexel
Vﬁ‘gﬁe@ P Varian f  UNSW NREL NREL NREL NR@[{EL NREL NREL gt Franho BE \ gir&rgg;lfr
B Sandia P Sap \4 First S D‘GE : SFé)rler | Research
No. Carol S\ NREL L0 lobel KRICT
Mobil Ogtafer%‘vna Solarex Flomda ~ NREL Matsushha AstroPower V=, sut {utigart (arg%anl:e:g Solar Mitsubishi Research EpFL
Solar i Boeing o EUoCIS ) (small-area) (aSincSincs)._Chem udaed 8
s Kotk RO ARCO " NREL United Solar United Solar Wsm@ Electronics
- oeing oda v UCLA-
| - Kodak Photon Energy Py 2 BM Symiomo
Matsushita e ¢ Kaneka Heliatek Chem
- Uof Maine Monosolar United Solar MIT
U.of Maine Groningen U Tort n
— U, Toronto g
B (PbS-D)
RCA U. Linz ‘ — I NREL S
- , ReA RCA e (Z10PbS-QD) e
| AN A A S T I T S I T ) I T T
1975 1980 1985 1990 199 2000 2005 2010 2015



L’irruption des cellules organiques et hybrides : le phénomeéene pérovskite
Préparation a basse température
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Updated Assessment of Possibilities & Limits for Solar Cells Turr“ng Up the ngh‘t
Pabitra K. Nayak and David Cahen fc materials calle perovskites vork wonders

in the lab, but will they shine as commerial technology?
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Pérovskites Hybrides

Pérovskites hybrides en couches (2B8rovskites hybrides 3D

Cation organique de petite taille

Cation organique de grande taille

Réseau idéal inorganic

de type “pérovskite” :




. essor extraordinailre d'une

Depuis 2012, evolution des concepts de cellules et des

procédeés

cB

M. Graetzel, Lausan
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a) One step precursor deposition
b) Sequential deposition method
c) Dual source vapor deposition
d) Vapor assisted solution process

Source : Jacky EVEN, Foton



Des proprietes physiques

a) Structure de bandes favorable m =0.15, m, =i

b) Quasi-absence de niveaux électroniques proi |

c) Exciton quasi-dissocié a la température ambi
d) Longueurs de diffusion de 100nm a 1micron
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Interface engineering of highly efficient T] — 19

perovskite solar cells
H. Zhou, Qi Chen, G. Li,1 S. Luo, T. Song, H. Duan, Z. Hong, J. You, Y. Liu, Y. 3(y
Yang UCLA Science (0]
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Highly Reproducible Perovskite Solar Cells with Average
Efficiency of 18.3% and Best Efficiency of 19.7%
Fabricated via Lewis Base Adduct of Lead(ll) lodide
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[ [ [ ‘ Pb][

Intramolecular Exchanging crystalllzatlon
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|

A |
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Fig. 1. Pbl.-complex formation and X-ray diffraction. (A) Schematics of FAPDbI:perovskite
crystallization involving the direct intramolecular exchange of dimethylsulfoxide (DMSOQO)
molecules intercalated in Pbl.with formamidinium iodide (FAI). The DMSO molecules are
intercalated between edge-sharing [Pbls] octahedral layers. (B) XRD patterns of (a) as-prepared
Pbl.(DMSO). powders, (b) vacuum-annealed Pbl.(DMSO) powders, and (c) as-deposited film on
fused quartz substrate using Pbl:(DMSO) complex solution. (C) TGA of Pbl,(DMSO):(red line)
and Pbl.(DMSO) (dark blue line). (D) XRD patterns of (a) as-formed film of FAPDbI:by IEP, and
(b) FAPDbIspowder.



Vers les tres hauts rendements



Fondamental losses in solar cells, L. Hirst and N. Ekin-Daukes, Proogress in Photovoltaics, 19(2011)286
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Un concept établi : les multijonctions

hv > E, h#E,

Rendement record : 46 % (2014)
Soitec-Fraunhofer ISE (4 jonctions)

@ D.Lincot, College de France, COP 21, 9-11-15






Vers des modules standards a 30 % de rendement dans les années a venir ?

(> 2020)
La voie des cellules Tandem basée sur les technologies actuelles Si ou CIGS

S0 5%
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a 45%,
E an | 42 5%
lu m
E [ 2% Ve
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actuel .
= 10 L
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0
. B Free choice 0
1 2 3

Number of cells

Free choice or Si

Approches a plus long terme (> 2030) :

Nouveaux concepts tres hauts rendements (>50%) :

Cellules a conversion de photons (photonique), cellules a porteurs chauds,
plasmonique (confinement des photons)
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Perspectives



Efficiency (%)

Panorama complet de I’évolution des technologies phtovoltaiques
35 ans de recherches au niveau international
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Conclusions

Le photovoltaique est maintenant une source d’énergie
majeure et abondante pour la transition énergétique et la
lutte contre le changement climatique

Foisonnement des recherches-nouveaux concepts-nouveaux
usages =2 complémentarité entre les technologies

Développement de nouveaux matériaux de plus en plus
complexes, importance des interfaces

Importance d’améliorer les connaissances fondamentales :
composition-structure-propriétés

Importance de la chimie du solide (dopage, position des
bandes, diagrammes de phase...)

Matériaux inorganiques, organiques et hybrides
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