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The biggest challenge...

Social responsibility

Economic responsibility Secure supply of heat Environmental responsibility
and electricity
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Long-term value and compliance resource efficiency
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The biggest challenge...
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Can we imagine a solution to climate change
without economics? - social science is key to

global solution; Calhoun #ISClaunch
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Renewables should be

like the Manhattan Project
and the Apollo Project —
the government should
put tens of billions of
dollars into R&D
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What occurs when light strikes on a material?

1839 ( 19 years old)
Photoeletric Effect

First photoelectrochemical cell with silver chloride in acidic media and illuminated while
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What occurs when light strikes on a material?

E photon = hv

Vo =6.22x10° mis

2 96x10° m's
400 nm

Potassium - 2.0 @V needed 10 apct elactron

Photoelectric effect

Physics Nobel Prize 1921
Photoeletric Effect

Light can interact with matter and transfer its Energy as discrete wave packets
(photons)
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What is a semiconductor?

Physics Nobel Prize 1956

Shockley Bardeen Brattain

< Length >
Source Gate Drain
p-Si p-Si
Nn-Si
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What is a semiconductor?

INSULATOR SEMICONDUCTOR METAL

GAP
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What is a semiconductor?

2%

ICIQ7

“icren @

Conduction

Density of states

Conduction
band

4

p-type
doping

Density of states
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Negative charged materials are
Called n-type

Positive charged materials are
Called p-type



What is a semiconductor?

Physics Nobel Prize 1956

Shockley Bardeen Brattain

Basic electronic device that was the open door to integrated electronic circuits.

The P-N junction
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What is a semiconductor?

Pearson, Chapin and Fuller

1954-First Practical Solar Cell with efficiency of 6%

FIRST SOLAR CELL.

The P-N junction
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What is a semiconductor?

p-type n-type

(1 OOOOo__,....
Ope ® ® e o _ _—clectron

/004_.‘..‘
hole

depletion layer
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electric field
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What is a semiconductor?

Chemistry Nobel Prize 2000

Heeger MacDiarmid Shirakawa

“for the discovery and development of conductive polymers”.

New game, new rules,

new science
ICIQEJ c \\\|CREA @ Science and Technology



What is a semiconductor?

Chemistry Nobel Prize 2000

Heeger MacDiarmid Shirakawa
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What is a semiconductor?

6 p-orbitals delocalized

%Tg 5 .+ ICREA @ o ne




Energy
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» molecular
orbitals
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» molecular
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Solar Power.

Best Research-Cell Efficiencies

LiNREL

NATIONAL RENCWASLE ENEAGY LABORATOAY

LM = attice matched
= MM = metamorphic

O Mutticrystaliine
V' Thinilm crystal

IMM = inverted, metamorphic

V' Three-junction (concentrator)
L ¥ Three-junction (non-concentrator) merqing PV

A Two-junction (concentrator) Emerging

A Two-junction (non-concentralor)

B Four-junction or more (concentrator)

B Single crystal (concentrator)
B Single crystal (non-concentrator)

L @ Silicon heterostructures (HIT)

Multijunction Cells (2-terminal, monolithic)  Thin-Film Technologies

© CIGS (concentrator)

® CIGS

O CdTe

O Amorphous SiH (stabilized)

O Dye-sensitized cells
O Perovskite cells (not stabilized)
® Organic cells (various types)

[~ O Four-junction or more (non-concentrator) A Organic tandem cells
Single-Junction GaAs <0> gorg?n-c ::ezs (C”ZTSSe)
A Single crystal vantum dot cells

[~ A Concentrator (various types)
V' Thin-film crystal
Crystalline Si Cells

b
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Third generation PV. Powering the World with Solar Energy

\ \
f\ 5 @ Low-Cost

\ Perovskites

@ Efficient
\ C Durable
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.. Dye Sensitized Solar Cells ( DSSC)

O’Regan & Gratzel

Glass

TiO2 with dxe

Electrolyte (I"/ I5) ()

TCO

= Counter Electrode

Glass

A low-cost, high-efficiency solar cell based on dye-sensitized colloidal TiO2 films
B O’Regan, M Gratzel

e lesacy va7.7a0  Over 28.000 citations!!!!} xICI;Qﬁ“’ . ICREA @
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' Dye Sensitized Solar Cells ( DSSC)
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i DSSC at ICIQ_Group Prof. Palomares

Dye Sensitized Solar Cells ( DSSC)

CSH‘I ‘O

=
MP124
CsHyi /©/ %‘/ CN

C4qHg.

MP-I-50
/T

COOH

J Am Chem Soc (2008) vol. 130 (41) pp. 13558-13567
Energ Environ Sci (2011) vol. 4 (5) pp. 1820-1829
Angew Chem. Int. Ed. (2007) vol. 46 (44) pp. 8358-8362.
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i DSSC at ICIQ_Group Prof. Palomares

» 4 modified pyrrole connected at carbon a by methine

> Huckel’s rule
» Highe
» Present in Nature

Abs (a.u. normalized)
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Background on Porphyrins for DSSC

CHOH  CHs

HOOC COOH

QL

(o =0

COOH HOOC COOH

N=2.6% N=3.5%

Cu-2-a-oxymesoisochlorin

Kay, A.; Gratzel, M. The Journal of Physical Chemistry 1993, 97, 6272. § _
Cherian, S.; Wamser, C. C. The Journal of Physical Chemistry B 2000, 104, ;l ClQ 9 “l\“%\\\\ ICRE A @ Barcelona Institute of N
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Background on Porphyrins for DSSC

a) 21

12| J,=18.6mA/cm?
e of V=077V
s/ FF=0.764

3t M=10.9%
. . - @COOH

0 0.2 04 06 \o.a
-3 Potential /V/ ’

N=4.34% N=6.15%  "=* |
YDO YD1 al
0 1 | 1 1 1 1
350 400 450 500 550 600 650 700 750 800
Alnm

BieishoC FP.ZakeektliciDhisy, ;LY dle e .€:-)\Diath ia e, -& -HGritae| VL. AYigeytndte Beansielln ey tiohd/-&djtYen 2010, 49,

w&idtnal of Materials Chemistry 2010, 20, 1127. m -
Cae - iren €D
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CeHyz CgH470

Vs Q COOH
CGI-QSHWO
YD2 YD2-0-C8
N=9.4% (I57/1")
N=8.4% (Co?*/Co?") N=11.9% (Co?*/Co3*)

Yella, A.; Lee, H.-W.; Tsao, H. N.; Yi, C.; Chandiran, A. K.; Nazeeruddin, M. K.; Diau, E. W.-G.; Yeh, C.-Y.;
Zakeeruddin, S. M.; Gratzel, M. Science 2011, 334, 629.
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CGH‘IS CSH17O \ /
~ o
oo 87
CBH13 CSH17O O

GY50
N=12.75% (Co?*/Co3*)

SM315
N=13.0% (Co2*/Co3*)
Yella, A.; Mai, C.-L.; Zakeeruddin, S. M.; Chang, S.-N.; Hsieh, C.-H.; Yeh, C.-Y.; Gratzel, M. Angewandte Chemie International
Edition 2014, 53, 2973.

Mathew, S.; Yella, A.; Gao, P.; Humphry-Baker, R.; CurchodBasile, F. E.; Ashari-Astani, N.; Tavernelli, |.; Rothlisberger, U.;
NazeeruddinMd, K.; Gratzel, M. Nat Chem 2014, 6, 242.
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k..«f DSSC at ICIQ_Group Prof. Palomares

LCvCo3
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i _rDSSC at ICIQ_Group Prof. Palomares

™
Photovoltaic parameters of LCVC01, LCVCO02 20
and LCVCO03 -
Dye Voe (V) Jo  FF(%) n% 5ol @
(mA/cm?) e
LCVCO1 0.65 7.69 75.40 3.84 =
o 0
LCVC02 0.70 20.00 74.41 10.41 R
8 ||—Lcvco2
o - - Dark
- = Dark
- = Dark
CGH13 _20 I T T
0.0 0.2 0.4
Q Voltage (V)

2
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g —
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u DSSC from lab to fab.

The EPFL's Convention Center (Lausanne, Switzerland) has 300 m? of dye-sensitized solar cells integrated to its
facade and it represents the first application of such technology to a public building. The EPFL's Convention center
will open on April 2014.

SCIENTIFIC o O I
REPLIRTS 2 ””Sgﬁ

IU’ |

|

A Robust Organic Dye for Dye Sensitized
Solar Cells Based on lodine/lodide
Electrolytes Combining High Efficiency
and Outstanding Stability

I" = mL -

Damien Joly', Laia Pelleja?, Stéphanie Narbey?, Frédéric Oswald?, Julien Chiron, John N. Clifford?,
Emilio Palomares?® & Renaud Demadrille!

Windows of the EPFL's Convention Center
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( Organic solar cells

Small molecule Organic Solar Cells

LUMO

Geminate

recombination

(5) Charge transfer

(6) Non-geminate
recombination

(7) Transport

(8) Collection

®) Cathode
hv
(1) Light absorption
(2) Exciton conversion
3) Diffusion
Anode 2 ;

ACCEPTOR

HOMO

Barcelona Institute of
Science and Technology

Nanoscale 7 (17), 7692-7703 m ]
Journal of Materials Chemistry A (2014) vol. 2 pp. 3536-3542 (&

5N
Chem. Commun. (2014) vol. 50 (40) pp. 5349 |CIQ'3 \\////\\ ICREA @
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) f Organic solar cells
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Chemistry Nobel Prize 1996

Smalley

“for their discovery of fullerenes”.
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Organic solar cells

Double Heterojunction Solar Cell

Photoactive region

n-type selective contact

Contacts are often wide-band gap materials which need to be of sufficient electronic quality
to support the quasi-Fermi level separation in the high quality narrow-gap active layer

To achieve maximum Voc electron —hole recombination at the contacts must be minimized.

There are TWO major recombination patheways:

1.- In the surface of the active layer _?Q-b'# -
) (=&
2.- At the bulk of the active layer. Ic1Q9 =»" ICREA @
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Saricifitci

Nelson Brabec

Friend

Antireflection coating
59 Grid contact

Transparent
Conducting Oxide

Junction former

Absorber

P Rear oontact
Barcelona Institute of m
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Organic solar cells

Small-molecule based donors:

n Gl
o &%

2.7%
0
5.7% 6.1%
Porphyrins Phthalocyanines Merocyanines Polyacenes
Qin et al., Energy & Environ. Sci. Xue et al., Appl. Phys. Lett. 2004, Steinmann et al., Adv. Energy Yoo et al., S., Appl. Phys. Lett.
2014, 7, 1397-1401. 85,5757-5759. Mater. 2011, 1, 888-893. 2004, 85, 5427-5429.
CoHs
C4H9)\

)

>\\ OH o HO
I
>7 OoH O Ho 4{
5.5%

4.4% Kfc““"

CaHs

Squarines Diketopyrrolopyrroles

Wei et al., Adv. Energy. Mater.
2011, 1, 184-187

Walker et al., Adv. Funct. Mater.
2009, 19, 3063-3069.

CgH
CeH13 s

D-A structures (“push-pull”)

Kyaw et al., Nano Lett. 2013, 13, 3796-3801.

Barcelona Institute of m
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Charge carrier density (cm®)

OSC at ICIQ_ Palomares group

(b)
4E16 — -
o Voc 1 e
o Corrected values o 1
3E16 - ; i
S
o.. ]
° rian=1lAnl0 el—fVoc
2E164 e R -
1E-4 5 . , - . . ;
1E16 - - i | |
o i "
4 |
: & :
0 y T T T T T = T LIS
0.0 0.2 0.4 0.6 0.8 1.0 1657 B ;
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— \.\ 1
@ - 1 ’
O e
o |
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o 1 Exp Fit i ]
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Charge Carrier Lifetime (s)

OSC at ICIQ_ Palomares group
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From Ryan et al. 2013 ( below)

20
15 - Jloss =den/(1+A)clAn + V/ARIsh
10
-5
-10 7 ’ - d
-15 . — I e n
220 | JZOSS=— J_Jg€n+JZOSS
0 Voe/2 Vee T

n

Maurano et al. Transient Optoelectronic Analysis of Charge Carrier Losses in a Selenophene/Fullerene Blend Solar Cell.
J. Phys. Chem. C (2011) vol. 115 pp. 5947

Ryan et al. Nongeminate Recombination Dynamics—-Device Voltage Relationship in Hybrid PbS Quantum
Dot/C60 Solar Cells. J. Phys. Chem. C (2013) vol. 117 pp. 17470-17476 { g

Barcelona Institute of
Science and Technology
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J (experlmental)

oTE\ 81 e J (reconstructed wrth R and & correctron)
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OSC from Lab to Fab
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OSC from Lab to Fab

https://youtu.be/RyVjAw1ljck

O (2) Faces of Chemistry: O X\ Enifle  — X
(S c O ‘ @ Esseguro | https://www.youtube.com/watch?v=RyVjAw1Jjck QN * fgn @ ~ B a ® :
it Aplicaciones @ Nature Chemistry [2 Outlook Web Access {%) Humor, inteligenciz  [J SABIDi - Biblioteca ©  Ji, http://cataleg.urv.ca . The Diode Equation @@ Diode Equation | PV » Otros marcadores

=  CVouube™ Buscar Q o 5 o 0 P

Siguiente REPRODUCCION AUTOMATICA ()

oo Faces of Chemistry: Organic
\ [ solar cells (BASF) - Video 2..
Royal Society Of Chemistry
133 mil visualizaciones

5:31

FACES OF CHEMISTRY
RSC I &meaiences

16 animales que te helaran la
sangre

Tipo Listo @
Recomendado para ti

Robe - Un Suspiro Acompasado
robeextremoVEVO
Recomendado para ti

Cémo funciona una central de
energia solar

4 Marcos Gchu

47 mil visualizaciones

Faces of Chemistry: Organic solar cells (BASF) - Video 1 (11+)

10.910 visualizaciones g0 &0 A COMPARTR =i  eee

Royal Society Of Chemistry
c Publicado el 29 mar. 2012 SUSCRIBIRSE 42 MIL

Ingmar Bruder, a scientist from BASF, explains the science involved in organic photovoltaics

Solar energy / Solar
photovoltaics / Photovoltaic...
Thomas Schwenke @

732 mil visualizaciones

Barcelona Institute of
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« { Hybrid Perovskite Materials

~

C H3N H3P bX3 http://en.wikipedia.org/wiki/Perovskite_solar_cell

o Methylammonium ion
O Halogen ion
© Leadion

Kojima, Akihiro; Teshima, Kenjiro; Shirai, Yasuo; Miyasaka, Tsutomu (6 May 2009). "Organometal Halide Perovskites as Visible-Light Sensitizers
for Photovoltaic Cells". Journal of the American Chemical Society 131 (17): 6050-6051. doi:10.1021/ja809598

Barcelona Institute of
Science and Technology




\ { Hybrid Perovskite Materials

~

https://www.youtube.com/watch?v=2dpQgPJ1PIk

© (2) Perovskite Solar Cell - x Enilio]
< C (0 | & Esseguro | https://www.youtube.com/watch?v=ZdpQgPJ1Plk Qv * f&, ® a ®
*  Aplicaciones @ Nature Chemistry Q“ Outlook Web Access i‘} Humor, inteligencia D SABIDi - Biblioteca gS, http://cataleg.urv.c +'.» The Diode Equation GE Diode Equation | P’ » Otros marcadores
@ YouTube® perovskite solar cell Q (2] ;
Siguiente REPRODUCCION AUTOMATICA .
Spray Coated Perovskite Solar
Cells
BULLAK
4 mil visualizaciones

Everything you ever wanted to
know about perovskite

Perovskite Solar Cell

azine

alizaciones

Most Efficient Most efficient Solar Cells and
8 solar Panelsin ~ Panels in 2018
2018 Synergy Files

*** )5 mil visualizaciones
{2:56 |

Robe - Aproximadamente Robe

> > o) 003/705 maO

Perovskite Solar Cell - Frontier Energy Solution (2017) robeextremoVEVO

Recomendado para ti

m ( z - Barcelona Institute of
<\ ICREA Science and Technology
ICIQ°7 =»

14.727 visualizaciones
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{ Hybrid Perovskite Materials

Gratzel

SUCCES HAS MANY FRIENDS...Failure is an orphan
John F. Kennedy

First solid ionic with semiconductor properties suitable for photovoltaics

Barcelona Institute of
Science and Technology




.1 Hybrid Perovskite Materials

~

Sensitized perovskite Thin-film perovskite
solar cell solar cell
a) cathode b) cathode
| - T B S T
p-type contact p-type contact
n-type contact n-type contact
| anode | | anode
d)

p-type contact

hv T
e h+ perovskite
e
|

a

n-type contact n-type contact

Kojima, Akihiro; Teshima, Kenjiro; Shirai, Yasuo; Miyasaka, Tsutomu (6 May 2009). "Organometal Halide Perovskites as Visible-Light Sensitizers
for Photovoltaic Cells". Journal of the American Chemical Society 131 (17): 6050-6051. doi:10.1021/ja809598

7R
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Hybrid Perovskite Materials

A device b
Replace conducting nanoporous TiO, by non-conducting Al,O; network and researcher); from
25% o improved V., demonstrating perovskites can transport both electrons and KRICT achieved a
Visible light holes beyond acting as sensitizers. new record with the
Also reported success with spiro-MeOTAD. certification of a non-
S| Use of mixed-halide exhibiting better stability and carrier transport than its pure stabilized efficiency
W, iodide equivalent. of 20.1%
hZ)
KIS0
20% 4&1‘;} Planar cells without 20.1%
/ “‘b" scaffolding using two- 19.3% KRICT
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