Where are we?

Pyramidal surface with antireflection layer

— Black layer (SiO,)

negative Cu-contact

B Si mono-crystalline cell (79 cm?) 26.7

m Si mono-crystalline module (13177 cm?)

m Si multi-crystalline cell (4 cm?)

Si multi-crystalline module (15143 cm?)

Green et al.: Solar Cell Efficiency Tables (Version 53), Progress in PV: Research and Applications 2018
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Photovoltaic technologies:
state of the art

1. Commercial technologies
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Crystalline silicon modules

20% - Average Commercial Module Efficiency

16% 4
15% A

14% -

13% A

e MUt

Mono Blended Average

fer ISE

12%

2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018
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Crystalline silicon modules

- Techno-economic positioning -
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New silicon-based commercial technologies: « Black» silicon

black silicon photon absorption

E'E

=3
<o
ral

= g _
2 a8 E
D S =
Tl |" <
n ot 9B w £
©
o
o
=

m O
300 400-1800 nm
absorbed
in 300 nm
black silicon
layer

black silicon

silicon absorption absorption

€/kWh reduction driver: higher efficiency at constant cost

JA Solar, inc.



New silicon-based commercial technologies:
Bifacial technology

€/kWh reduction driver: higher collection area at constant cost

bSolar, inc.



New silicon-based commercial technologies:

MWT Metal Wrap-Through

Both electrical contacts in the back

Fingers on front side

Standard module

- — — — — —
’f""T vl v |
"'E’\adlan Solar, inc.

€/kWh reduction driver: lower manufacturing cost at constant efficiency
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Technical evolution and growth potential
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Silicon

2019 Time



Downsides of Si-based
modules

texturing andior
anti-reflection coating

.

front surface
doping
(emitter)

t
4

Silicon use:
1.5-3 kgSi/kWIO

rear contact



Silicon costs money and energy

Energy cost is high!
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Thin film technology

- Based on materials with better light absorption properties-

NSRRI

I=loexp (-ax)

IIOI
(94

Fraction of Useful Photons Absorbed

N j (L—exp(-a(A)d)N , (4)dA
f(d)=2 -
[N, (1)d2
0
: i | | |
0.1 1 10 100 1000

Thickness [um]



— Thin film technology:
CIGS, a-Sl, CdTe

Sunlight CaS
CIGS

Mo

Glass,
metal foll
paastics

CIGS: CdTe: a-Si
Mo .
\ * Solar Frontier, inc. * First Solar, inc. * Sharp, inc.
NetiE o * Solibro, GmbH * Sunerg, srl
Hate Substrate * Miasolé, Itd.

FS—— * ... (several global companies)...



ITO SnO, CdS CdTe Te Sb,Te, NiV
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3.6 eV

AE ,=0.8520.1 eV
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Thin film technology:

aesthetics, building integration, reduction of installation cost




Thin film technology: CIGS, a-SlI, CdTe

- cost comparison with silicon-based modules -

100.00 ! ,
1 1
977 22% price reduction for each
+* doubling of cumulative volume
s —=.
§ A \‘\-..
- ¢ * 2006 c-5i price increase
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& csi A cdTe

FIGURE 6.2: SOLAR PV MODULE COST LEARNING CURVE FOR CRYSTALLINE SILICON AND THIN-FILM
SOURCE: BASED ON DATA FROM EPIA AND PHOTOVOLTAIC TECHNOLOGY PLATFORM, 2011; LIEBREICH, 2011; SOLOGICO, 2012 AND IRENA ANALYSIS.
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Technical evolution and growth potential

u CIGS cell (1 cm?) 22.9

¥ CIGS module (841 cm?)

B CdTe cell (1 cm?)

B CdTe module (7039 cm?)

Efficiency

2019 Time



Thin film PV modules

- Techno-economic positioning -

100 ’
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Impact of Thin Film Technology Is Dropping
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o~
e ™o B5x120pm
i N
‘—Gﬂﬂdumnr
—it— [Device
\ Conductor
: i
\
. 4
Contact Active Cell s P Contact
Cell Cell
iInactiva) |(—)‘ 7[ (Inactive)
— 7 F‘ .
Ay x’fx’”}@ {’f"f./j f
,f-’ o x N N N x
o g WL T x},f z{,x{,xf.xf,,ffxf
r’fff’f’falaggf’f:’fx’/f:’f
2yt Ege oy W oy Rt s M
L f”,fxf”x"f"}x "x’"x"’x’?ﬂ@
T O e e TR U TG S F




Basic working principle of a PV cell

- an electron’s perspective -

1.
Absorption
of solar radiation

eneration || I,
of electrical charges ol
Ilq

2.

Extraction
of electrical charges

4

Electrical energy

Energy




Multijunction («tandem») cells

- A more efficient use of the solar radiation -

Q T—
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Multijunction cells
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Photovoltaic technologies:
state of the art

2. Frontier technologies



Dye Sensitized Solar Cell - DSSC

conducting
substrate counterelectrode

photon

e
Glass

TCO
& Platinum
U
CID Electrolyte "1‘3 ou 93 > y

o9
. \ 3 o9
TiO, % s

Dye i & :0 “° 01&' 1 55 ogst

o o ° ow ° ‘%“H °:®9 89 .

10, B A %‘ gL’ o
electrolyte fugo w,‘, ° ,, “w Wu)&‘:. :

TCO uo ‘ .
Glass




Energy

S-A,-A,
|

hv slow

Y
S-A-A, I

~, 5"
o A

fast

slow

Fotosintesi

slow

-A- A

\ fast

e ‘ s.+_A1_A2._

== Chemical

energy



Fotosintesi artificiale
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Fotosintesi artificiale
Assemblaggio gerarchico per un migliore assorbimento
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H. Imahori et al., Adv. Func. Materials 14, 525 (2004)
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Organic photovoltaics - OPV

Cathode
" Hole-Blocking uy

‘ Ebdron-elocldnguy« / X
1 TR
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Why Organic Cells?

Low cost

*High thoughput production

*Flexibility



Physics of Organic Solar Cells

ELECTRON DONOR ELECTRON ACCEPTOR

HOMO

| V,. = (LUMO, - HOMO,) - 0.3 eV |

Energy




Bulk Heteroj on Solar Cells

P3HT

(electron donor)

PCBM

(electron acceptor)
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Photovoltaic technologies:
state of the art

3. Beyond the frontier -
nanotechnology



Best Research-Cell Efficiencies
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Enhancement potential

47% (new generation)

Efficiency

New generation

2019 Time



Nanotechnology and PV: Why?

* Morphologic advantages: nanometric
structures have a lot of surface area
(e.g. DSSC)

* The optoelectronic properties of materials are
dominated by phenomena occurring at the
nanoscale - we need to engineer the
nanostructure of materials

* Nanoscale phenomena are governed by
guantum mechanics = nanomaterials can
exploit untapped physics at the macroscale
(e.g. intermediate band)



Thermalization of electrons: wasted energy!
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Nanotech and Photovoltaics:
- Better use of high-energy photons: MEG (Multiple Exciton Generation) -

-y e
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ot Wasted energy!
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energy = two e~h* pairs
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generation of more than one electron per photon °

A. Nozik, M. Beard, NREL



selective energy contacts

electron contact

hot electron and hole
energy distributions

otons: Hot Electron Extraction

hole contact

PV Kamat, Nature Chemistry 2 p809 (2010)
A. Pandey, P. Guyot-Sionnest*,J. Phys. Chem. Lett. 1 p45—47 (2010)
JA McGuire et al., ACS Nano 4, p6087 (2010)



Low energy photons are lost
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gle junction limit
Is: Using Low Energy Phonons-
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a Dense Nanostructured Film

Use Core/Shell Nanocrystals

core



als System Selection

E=0

GaAs InAs InSb GaSb AlAs GaP InP CdSe ZnSe CdS CdTe ZnO CuSCN Si ZnS ZnTe
x€V) 407 49 459 406 35 38 438 495 4.09 4.3 428 4.35 2.0 4.01 35 353

Fq(eV) 1.456 0.356.172 .75 2.67 2.455 1.34 1.74 258 17 1350 3.2 3.4 1.1 3.7 2.28

E I
v — —
Conduction Band Bottom SR
Valence Band Top —
RK Swank, Phys. Rev. 153, 844 (1967)
Goldbery Yu.A. Handbook Series on Semiconductor Parameters, vol.1, M. Levinshtein, S. Rumyantsev and S. Adachi, Properties of Grup IV, 1lI-V and II-

M. Shur, ed., World Scientific, London, 1996. VI Semiconductors, Wiley 2005



CdS CdTe CdS
Electron affinity (eV) 4.5 4.5 4.5

Bandgap (eV) 24 1.5 2.4

Energy




_tion: Energy Level Alignment

ZnSe CdSe ZnSe

Electron affinity (eV) 4.09 4.95 4.09
Bandgap (eV) 2.58 1.74 2.58

Energy
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als: Evidence of Upconversion

CdSe@CdS heterosystem

633 nm
————— 520 nm
————

= |[ntermediate Band

Slejko, PhD Thesis
Slejko, Lughi et al., in prep.
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Improving B eterojunction Cells

P3HT

(electron donor)

CH2(CHy)4CHs

/\
S



State of the Art and Founding Idea

PEDOT :PSS

Fullerenes

(e.g. PCBM)
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Quantum dot + Fullerene Hybrid: CdSe@C61

. Fullerene

TR
e
Nl T *j’
R

CdSe Quantum Dots + (1,2-Methanofullerene C60)-61-carboxylic acid




Working principle:

standard OPV cell

-4.7

192
[EEY

Energy (eV)

S

ITO

SSd-10d3d

S

Cce1l

PEDOT :PSS
PHT @ o ®
o
s S oW, °
e PceM Yo' o
Al
Vacuum
-3.2 \ /\
-4.3
5.2 '4.2
\J -6.0

Al



o
WOrklng prlnC|p|e: PEDOT :PSS

OPV cell with CdSe@C60 <ﬁ’§£o oo\oo>

ﬂ\ Al
Vacuum
= -4.7 3.6 -4.3
3 >t -5.2 -4.2 -4.2
; -5.7
) U -6.0 -6.0
m
O
O
n
o A C61 Cc61 Al
wn



CdSe@C6: Synthesis via Capping Exchange

Cacovich, Lughi et al., J. Phys 622, 2014



Photoluminescence Quenching in CdSe@C61
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Cacovich, Lughi et al., J. Phys 622, 2014
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Absorption of P3HT:CdSe@C61 blend
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Cacovich, Lughi et al., J. Phys 622, 2014
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PEDOT :PSS

il o
Sy

Al

Photovoltaic device

Blend

ITO

Glass

ITO 300 nm +-3nm

TiO, 20 nm +-2nm

Cacovich, Lughi et al., J. Phys 622, 2014 Blend 140 nm +- 44 nm




P3HT:CdSe@C61 blend

GOOD DISPERSION !!!



|-V Characteristic
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The latest frontier
Perovskite-based solar cells

* Most promising thin film technology (high efficiency)
* Cheap, high-throughput manufacturing



The latest frontier
Perovskite-based solar cells

Sensitized perovskite Thin-film perovskite
solar cell solar cell
a) cathode b) cathode
p-type contact p-type contact
n-type contact n-type contact
= ) | = —)|
anode anode

d)

p-type contact

hv T
+
9 h perovskite

Ce
/

n-type contact n-type contact
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Next-generation solar cells
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Concluding Remarks

The cost reduction of the PV-kWh enabled attainment of grid parity in many
Countries

Most of the cost reduction has been driven by the economies of scale
Nevertheless, technological innovation and breakthroughs are still important

Current technologies have shown incremental, marginal improvements

«Emerging» technologies such as Organic PV and DSSC need to prove robustness.
They will hardly play a role in power generation

The newest technologies (perovskites, quantum dot-based) have the chance to
be a real breakthrough by combining high efficiency and extremely low cost



