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Why Photovoltaics ?



Un m2 reçoit de 0,8 à 3 MWh/an
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Sunny day : about 1 GW / km2

The enormous ressource of renewable energy from the sun

Solar ressource at the ground level : 120 000 TW (120 millions de GW) 
Mean power of energy consumption by humanity: 17 TW (about 7000 times less)



517 march 2016 IRDEP-IPVF

Source : fergant.clg61.ac-caen.fr

Having an energy source is not sufficient : 
We need to discover the right technologies for using it

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

Jean de la Fontaine:  The stork and the fox
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Photovoltaics at the heart of Natural Photosynthesis
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Light power , Plum :1000 W/m2

Electrical power : Pel= VI
Efficiency :  R= Pel/Plum

1954 : Silicon solar cells The big jump ! 
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2000 : Photovoltaics becomes a major energy source

2015 : 220 GW (1,3% of world electricity production)
2016 : 300 GW (75 GW in 2016 with 35 GW in China)
Projection 2020 : 500 GW
Projection 2050 : 4,5 TW , 16% of World Electricity (AIE)



The fast introduction of PV in the electricity sector



The reason : Economic competitiveness of photovoltaics
The price/cost experience curve

1976

2016
0.3 $/W
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Competitiveness of solar electricity prices
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The « épopée » of Photovoltaics : Silicon solar cells
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2017 :record 26,6%
(Kaneka)

Current voltage curve Spectral Response

Next objective: 27,1 %  (theroetical efficiency 29.1%)



1999
homojonctions

2014
Hétérojonctions
(HIT) à contact arrière

(a-Si)

Key of success : Alliance of microelectronics and photovoltaics



Why Thin film solar cells ?

Glass or plastic

Back contact layer (0.5 to 1  µm)

p type layer (1-2 µm)

N type layer (0.2-1 µm) 

Top contact

Thinner, Simpler, lighter, Cheaper

5-10 
microns  



Rapport IEA-PVPS 2011

Coating industry
Large scale



The ancestor : Copper Sulfide solar cells
The thin film dream : Space application

5.5 % efficiency

Up to 10 % in 1980

But thermodynamically unstable
Abandoned for CIGS

1960-1973

Kapton-Silver-CdS-Cu2S



The emergence of inorganic thin film solar cells : CdTe, CIGS, aSi1975
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Wafer based versus thin film
Technologies

Max Cell : 26,6% % single crystal
21.6%  polycrystal

Max Cell : 14%

Max Cell : 22,6% %

Max Cell : 22,1%

Verre,  métal ou plastique

Verre,  metal ou plastique

Verre ou plastique

Cadmium Telluride

2016
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PV Status report 2014



Road map for CdTe conversion efficiencies

First Solar Web site



Road map for CIGS Conversion efficiencies

http://cigs-pv.net



CIGS on glass is on the market at the industrial level
(Solar Frontier, Solibro, Manz, Avancis…)



Source: NPD Solarbuzz PV Technology
Roadmap, September 2014

http://www.solarbuzz.com/reports/pv-technology-report


An evolutionnary view of technological
progress in thin film solar cells

let’s take a trip through scientific
breakthroughts along the « ages »
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Glass

SnO2 (0.5 µm)

P CdTe (2-5 µm)

N CdS (0.5 µm)

Back Contact

CdTe solar cells : From 6% to 22 % : a succession of 
progresses in materials science

Glass

SnO2 (0.5 µm)

P CdTe (2-5 µm)

N CdS (0.1 µm) 

Back Contact

Cd(S,Te) (0.4 µm) 

Before Treatment After treatment in presence of CdCl2 (400-500°C)



2015 : 22,1 %

Cd(S,Te)
Lower gap

(Cd,Zn)Te
(Cd,Mg)Te
Higher gap

New TCO 
CdSnO3
CdZnO3
Zn-In-O
Ga-Zn-O

(Cd,Zn)S
Higher Gap

+ Graded band gap
in CdTe

Scientific breakthroughts : example of spectral responses



Simpler :  Not so simple !



Second exemple : 
CIGS solar cells Cu(In,Ga)Se2



CIGS (22,6%)

C

Historical evolution of record efficiencies of CIGS solar cells

Breakthroughts

Si

Si



Verre

Mo (0,5 µm)

P CuInSe2 (2 µm)

N+ CdS:In/Ga (1-
2 µm) 
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Not to scale

N type layer
Evaporation

P type  layer
Evaporation

Contacts

Back contact

Substrate

<1980

8%



Verre

Mo (0,5 µm)

P Cu(In,Ga)Se2 (2 µm)

N+

(Cd,Zn)S:In/Ga 
(1-2 µm) 
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Not to scale

N type layer
Evaporation

P type  layer
Evaporation

Contacts

Back contact

Substrate

1985

12%



Verre

Mo (0,5 µm)

P Cu(In,Ga)Se2

ZnO(Al)

6

Not to scale

ZnO(Al)
By Sputtering

P type  layer
By coEvaporation
3 stage process

Contacts

Back contact

Substrate

1994

Ga Rich

In rich

Ga rich

CdS by Solution (CBD)

15%
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Glass or metal/plastic foil

Mo (0,5 µm)

P CuIn0.7 Ga0.3 Se2 (2 µm)

N- CdS  10- 50nm

N++ ZnO : Al (1 µm) 

Not to scale

Window Layer

Buffer layer 

Absorber layer

Contacts

Back contact

Substrate

N- ZnO (100 nm)

P+ Mo(S,Se)2 (10-100 nm)

2010

N Cu(In,Ga)3Se5 (?)

Na+

Ga

Ga

In

19%

Daniel Lincot : Séminaire L’énergie solaire : Energie du futur ? Collège de France 21/04/2017 
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Glass or metal/plastic foil

Mo (0,5 µm)

P CuIn0.7 Ga0.3 Se2 (2 µm)

N- CdS ou ZnS  10- 50nm

N++ ZnO : Al (1 µm) 

Not to scale

Window Layer

Buffer layer 

Absorber layer

Contacts

Back contact

Substrate

N- ZnO (100 nm)

P+ Mo(S,Se)2 (10-100 nm)

2016

N GIGS + K 

Na+

Ga

Ga

In

K
Rb

22,6%

Daniel Lincot : Séminaire L’énergie solaire : Energie du futur ? Collège de France 21/04/2017 
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P. Jackson, Rapid research Letters, July 2016

K or Rb repeal Cu from the surface  K(In,Ga)Se2
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A fantastic area for multidisciplanary fundamental research studies

Many discoveries preceed their interpretation !
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A. Raghawanshi et al. Applied Physics Letters 105, 013902 (2014)

Exemple I : Role of sodium analyzed by Atomic Probe Tomography
Effect at grain boundaries, change the composition of Ga,In,Cu



Laboratory for Photovoltaics susanne.siebentritt@uni.lu40

Defects in Cu(InGa)Se2

E

CuInSe2
1eV

CuGaSe2
1.75 eV

VCu

VIII

CuIII

CuIII

InCu,Cui

Cui

GaCu

VSe

CuGaSe2 CuInSe2

C
u/

III

Optical and electrical spectroscopy:

⇒ science based innovation for solar cells

Answer to fundamental question
Why the efficiency of 
wide band gap CIGS
Lower than expected



Back to the ultralight, flexible Dream

The andeavour of a new area for Thin Film 
CIGS Photovoltaics



2011

Record 20.3%
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2016     IRDEP-IPVF Project on polymer CIGS solar cells



Glass or metal/plastic foilAlternative contact

P CuIn0.7 Ga0.3 Se2 (2 µm)

Zn(O,S)10- 50nm

N++ ZnO : Al (1 µm) 

Not to scale

Window Layer

New Buffer layer 

Thin CIGS
Absorber
layer (Light Trapping)

Contacts

New back contact

Substrate

N- ZnO (100 nm)

Alternative contact : Back reflector, point contacts

> 2016

N GIGS + K 

Na+
Ga

Ga
In

K, Rb..

 25%

Next step of the evolution : towards 25% CIGS solar cells ?  

Research places : Sweden (M. Edoff’s Group), HZB, France



The low cost dream

Atmospheric methods : 
Printing, 

Electrodeposition, 
solution deposition

alternative to High Vacuum Methods



Glass or metal/plastic foil

Mo (0,5 µm)

P Cu(In,Ga,Al)(S,Se)2 (2 µm)

N- CdS, ZnS … 10- 50nm

N++ ZnO : Al (1 µm) 

Contacts

N- ZnO (100 nm)

Solution deposition for cost reduction : CIGS thin film solar cells

* In substitution to vacuum methods

Challenge 1
Electrodeposition



From Lab to industry : The case of electrodeposition of CIGS

0 0.2 0.4 0.6-0.2-0.4-0.6 0.8

Se

In2Se3

CuxSe

Ga

In

Cu

Ga2Se3

Standard potential range

-0.8
Potential (V vs NHE)

Ideal one step electrodeposition reaction : 

Cu2+ + (1-x)In3+ + xGa3+ + 2HSeO3
- + 10 H+ + 13 e- CuIn1-xGaxSe2 + 6 H20

1988-1994 – Laboratory studies
1994- World record 6,4% on < 1 cm2

1998 – Partner ship with EDF : The CIS by electrodeposition project (CISEL)
2003 - Nouveau record mondial (11.5 % 2003 < 1 cm2

2009 – Creation de NEXCIS –spin off



2009 2015 Failure to enter the market



2015





Champion module : 14%
World class results
Champion cell : 17.3%



Glass or metal/plastic foil

Mo (0,5 µm)

P Cu(In,Ga,Al)(S,Se)2 (2 µm)

N- CdS, ZnS … 10- 50nm

N++ ZnO : Al (1 µm) 

Contacts

N- ZnO (100 nm)

* In substitution to vacuum methods

Challenge 2 Chemical Bath Deposition of the Buffer layer1989



First systematic growth Mechanism studies

1989 :   Systematic studies with « baker breaking »  Cd-TU-NH3-pH

No reaction Homogeneous
reaction

Heterogeneous 
reaction

X X X

Optical properties
Reaction Yeald
Structure

Zone of convenient 
bath composition



D. Lincot, 2nd May 2016, EMRS



The breakthrough

EUPVSEC, Lisbon,  1991  

1991

D. Lincot, 2nd May 2016, EMRS



Story

Demonstration of the Upscaling with 2D flat reactor 
EUROCIS MEETING, Paris Sept. 1994

Short Story : The glass plates were coming from the nearby window glass workshop,
The separator was made of telephon electric cables,
The clemps were bought from an art shop nearby,
The large volume water bath was hired from a colleague at ENSCP working on alguea Culture



2016 : Oscilating horizontal single plate has become an industrial standard
For CBD deposition 

D. Lincot, 2nd May 2016, EMRS



Glass or metal/plastic foil

Mo (0,5 µm)

P Cu(In,Ga,Al)(S,Se)2 (2 µm)

N- CdS, ZnS … 10- 50nm

N++ ZnO : Al (1 µm) 

Contacts

N- ZnO (100 nm)

Challenge 3: ZnO by electrodeposition1992



From the idea (1992) to the application 
(2015)

– ZnCl2 : 10-4 - 10-2 M
– Oxygen :  10-5 - 10-3 M
– Temperature: 50 - 90°C
– Potential: -1 V to - 1.4 V  vs MSE

1993 – It works



Electrodeposition on GaN : 
84°C, E=-1.4 V/MSE, t=4000s, 22% O2 , Zn (II) 5.10-3 M

0.75 µ

PAUPORTE, T., LINCOT, D., Heteroepitaxial electrodeposition of zinc oxide films 
on gallium nitride, Appl. Phys. Lett., 75 (1999) 3817-3819



2015





Starting industrial 
Transfert
(2015)

Fabien TSIN
Docorant



New concepts, new thin film 
technologies

Dye cells, Organic, Perovkites



The emergence of new thin film solar cells : Dye Cells, Hybrid, Perovkite

Dye Organic
CZTS 
CuZnSnS

Hybrid
Perovskite



2015
Record efficiency 22. 1%

The irruption of
Perovskite solar cells



IPVF – Forum sur la transition énergétique 05/10/2016

Un concept établi : les multijonctions

67

Daniel Lincot : Séminaire L’énergie solaire : Energie du futur ? Collège de France 21/04/2017 



La voie des multijonctions

Daniel Lincot : Séminaire L’énergie solaire : Energie du futur ? Collège de France 21/04/2017 

Record jonction tandem :  Si-GaInP 31,4 %   (EPFL-NREL)



IPVF – Forum sur la transition énergétique 05/10/2016

L’initiative 30-30-30

Un point de passage partagé avec des représentants des plus 
grands centres de recherche internationaux :

Vers des modules photovoltaïques avec

un rendement 

> 30% 

pour un prix 

< 30c$/Wc

à l’horizon

2030

69



New paradigm for photovoltaics

perovskites

DSSC and OPV

SQ limit
Differentiation process

Post SQ Limit : 30-40-50%
Convergence process

30x30x30 goal



Other approaches : Si-III/V, CIGS/Perovskite TOP CELL : Thin Film Solar Cells



The CIGS Option for top cell2012 Progress in Photovoltaics



Wide Bandgap Chalcopyrites/Chalcogenides 

73Laboratory for Thin Films and Photovoltaics

Breakthrough needed

Thanks : A. Tiwari



Photovoltaics : There is plenty of room ahead for thin film technologies !

1

2

1 we are here
2 we go there
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