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PV global capacity
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€/kWp

PV price reduction

- example: turnkey PV installations in Italy -
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Costs of a Rooftop-System

up to 10kWp [€/Wp]

16 -

14

12

10

6

4

PV pricer

eduction

- example: rooftop PV installations in Germany -
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annual irradiation on module
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Grid parity

Israel 2013

Cyprus
2300 -
2200 - , el R
£100 Spa ‘Malta Portugal
2000 - Portugal Turkey Spalt
1900 - °
1800 - _ Greece
1700 { "= \
1600 - Ukrame Ge . Italy
1500 Croatla Seatins
I H
1400 - ‘ « Netherlands
nce .

bl ®/- O Denmark
Rl Sween e Germany

Finland ‘ rway
v Norwa ’ Treland~
1000 , ' ' ' e ' |

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

average price of electricity [EUR/kWh]

[ N |
Residential +=>_ LCOE Residential
E N IERSCeTRS Bubble size according to § Market segments
specific market size & beyond Grid Parity

Industrial IH LCOE range Industrial

Breyer C, Gerlach A. Global overview on grid parity
Progress in photovoltaic: research and applications 2012. John Wiley & Sons, Ltd. DOI 10.1002/pip.1254



PHOTOVOLTAICS - HISTORY
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Module price in €, /

Price reduction of PV modules

- «learning curve» - the effect of the economies of scale -
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Price reduction of PV modules

- «learning curve» - the effect of the economies of scale -
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Average Price (€/kWp)

Role of Balance of System

- The cost of BoS today is comparable with that of the modules -
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Role of Balance of System

The cost of BoS today is comparable with that of the modules
(or less — the case of USA)
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The role of BoS

- In BoS, overall there is more margin for cost reduction -

Comparison of U.S. and German Solar Costs
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Earth at Night




Growing Energy Demand in Developing Countries

What kind of energy?
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Portable power

The portable power market is just starting and needs new technology

Electricity Value (¢/kWh)
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LCOE reduction for utility PV LCOE reduction for commercial PV
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X. Wang and A. Barnett, Appl. Sci. 2019, 9(6), 1227



Basic Solar Cell Concept

Absorber’s Requirements:
* Bandgap matched with solar spectrum (~ 1.5 eV)
* Good transport properties
* Full absorption within absorber’s thickness

Need for asymmetry




Photovoltaic Effect

1.
Absorption of
solar radiation

a
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2.
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p-n junction: cell asymmetry
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Absorption and generation



Interband absorption

Banda di
conduzione

Semiconduttore a 107 —

,,,,,,,,,,,,,,,, - bandgap diretto
'l_l'—i
_______________ c 10° —
S
(@]
c
£ o 10° -
Banda di E
valenza ‘c Assorbimento
P — .
o A diretto
a 107 —
©
Banda di —
conduzione Assorbimento © H
()] S| .
fonone £ 103 Assorbimento
Q //mediato da fononi
(@]
Semiconduttore a quE
bandgap indiretto 8 102 L
(]
| | | | | |
10!

. 1 1.5 2 2.5 3 3.5 4
L sanda Energia del fotone [eV]



Absorption

Legge di Lambert — Beer

=loexp (-ax) a: coeff. di assorbimento

lo




Absorption: thickness engineering
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Interband absorption: generation rate

Normalised Generation Rate
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Interband absorption: generation rate
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Interband absorption: generation rate
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Interband absorption: generation rate

Normalised Generation Rate
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Interband absorption: generation rate
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Absorption: thickness engineering
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Doping and mobility

1.E+03
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Concentrazione impurezze [cm3]

Doping beyond a certain value:

* Increases the number of carriers

* Reduces mobiliy and diffusion — but less than the increase of carrier concentration
Drift current is favored (and diffusion current is disfavored)

The emitter must be doped as much as possible!




Doping and diffusion length

Scelta ottimale del drogaggio della base per ottenere massima efficienza
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P-n junction



P-n junction
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p-n junction at equilibrium
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Dark Characteristic (Diode)
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Dark Characteristic
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Illuminated Characteristic
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Illuminated Characteristic

d*Ap _Ap G

— 4.38
dx® L;E, D;, ( )
Since (/1) is constant, the corresponding general solution is
Ap =G, +Ce™™ + De (4.39)

The boundary conditions remain unchanged from the analysis
of the diode in the dark. This gives the particular sclution

DX} = Puo + Gy + [Prole®™ T - 1) - G1,] e *'7  (4.40)

with a similar expression for n, (x') as plotted in Fig. 4.10.
The comesponding current density is
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I, (x) = *I__;,rﬂ_n{equ S 1je T - qGLye P (4.41)
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with a similar expression for J,(x").




IV characteristics and equivalent circuit
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Charge collection probability

Probabilita che una carica fotogenerata ha di f — J SC e—X/ Lehy

contribuire alla corrente di corto circuito C ,J
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Photogenerated current

W

JL = qf G(x)CP(x)dx

0

Collection Probability
‘,.--""

front surface

Generation
=

- = >
7' Distance in the device

This volume should be reduced as much as possible!




Quantum efficiency

The red response is
reduced due to rear

A Blue response is reduced surface passivation,

reduced absorption at
due to front surface recombination. long wavelengths and
l low diffusion lengths.
1 } ideal quantum

efficiency

A reduction of the overall QE is
caused by reflection and a low
diffusion length. No light is absorbed
below the band gap
so the QE is zero at

long wavelengths

External Quantum Efficiency o

: >
L . A\ = E_c Wavelength
g



Figures of merit

*Corrente di corto circuito Isc, efficienza quantica QE, risposta spettrale SR
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Efficiency under concentration
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Solar cell efficiency



Thermodynamic limits

Carnot Limit

S

T
Hcarmot = 1_T_A = 95%

T, : cell temperature at room temperature

Ts : temperature of Sun

Landsberg Limit ~ 93.3% (86.8%, series of black bodies as converter)

]
&

Schokley — Queisser (SQ) Limit:
Converter is one single semiconductor
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Thermodynamic limits
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Electric losses

Rs: Resistenza di serie

Rp: Resistenza di shunt (parallela)
Rs aumenta

Rp =
-
Voo V
|
lsc
Ftp diminuisce
RS - D
-

Voo V



Losses

- - * Trasmissione
i}
Iy (x) = % {EquT - 1l)e @ @ @ (mancato assorbimento)

Ricombinazione
» Ombreggiamento dei contatti (radiativa, SRH, Auger,

} i superficie)
* Riflessione

* Trasporto

* Termalizzazione di
fotoni energetici

* Perdite alla giunzione

* Resistenze parassite

* Perdite ai contatti

Contatto
metallico




Losses
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Semonin, O. E., et al. (2012) Materials Today 15(11): 508-515.



Effect on temperature
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Cell Efficiency (%)
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Photovoltaic technologies:
state of the art

1. Commercial technologies
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Silicon PV moduli are made of silicon solar cells




Standard Silicon PV Technology

ARC

Now this architecture is old, but it’s
good to start learning!

n* region
Back
surface p* V9

p-type c-Si
Back
contact

Cross section of ¢-Si solar cell



Where are we with silicon solar cells?

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 59), Progress in PV: Research and Applications 2022



New technologies

PERC — Passivated Emitter and Rear Contact PERT — Passivated Emitter Rear Totally Diffused

Textured front ~ N/Cu/Ag plated contact

with SiQ,/SiN L A A -
{ N Tt S
W = - <
W el S \,‘v“ \-\7\__

Laser doped n**  n* FSF atybe CZV

selective FSF
Laser ablated

p* boron emitter opening )

Sio, Sputtered Al




Cell Efficiency (%)

Best Research-Cell Efficiencies

%=
L)

INREL

Transforming EMERGY

52
Multijunction Cells (2-terminal, monclithic) ~ Thin-Film Technologies Soitec
LM = lattice matched © CIGS (concentrator) . (IMM, (4-J. 287x) NREL
_ Boeing- (-, £30X) (6-J,143
48 M= metamorphic ® CIGS Spectrolab @ IFhGSE/ Soitec -1 il
IMM = inverted, metamarphic O CdTe T 384y SolarJunc i
ed, m _ N (LM, 364x) (LM aﬂzm‘
v Three-]_und!un (concentrator) O Amorphous Si:H (stabilized) Spectrolab | FhG-ISE \\ SpireSemicon R
44 : Threg—]unpilon (non-concentrator) Emerging PV (MM, 299) [ (MM, 454x) (MM, f.lf]ExJ
A mzjﬂz;t:g; Eﬁ:fg_;ﬂ? ator O Dye-sensitized cells Boeing-Spectrolab  Boeing-Spectrolab i E‘y:lte:'/  NREL
B I i { ator) © Perovskite cells (MM 179) ~__ (MM, 240x) { (4-J; 319) \.4“J-B32?XJ'
our-junction or more (concentrator . . R ¢ ! oeing- NREL
40 ™ O Four-junction or mare (non-concentrator) : E'f;‘;?ﬁ'gﬁ; tandem (monolithic) NF??EL LIM‘. [II"‘I-}F%ES - rls_ﬂa[ﬁgf _Spectrolab (5-J) . EN ...+ % NREL
Single-Junction GaAs A Organic tandem cells T =% Boeing T =
A Single cystal 4 Inorganic cells (CZTSSe) Boeing- w7, Spectrolad oy M) .. . ?'
B A Concentrator Quantum dot cells (various types) Spectrolabf 3-'1 NREL I, i P - NREL (38.1x)
V' Thin-fim rystal O Perovskite/CIGS tandem (maonolithic) Spﬂo"et:'glgab (IMM) =" Sharp {1V M-' FhG"E .
Crystalline Si Cells i - A NREL (467x) NREL(MM) LG _ _ _ _oANREL
32 o Single crystal {concentrator) \arian 26x) FRGASE (117x) i Hiae =" NREL Ala EPFL‘CSEM
W Single crystal (non-concentrator) (216%) NRE- E'EBE—T "&T“: Elt- " LG (258
E Multicrystalline l._ranf_n\\ Varian - 1£32x) 3 SunPower (large-area) s/
- Silicon heterostructures (HIT) (205x) EB_"‘.,...:L" Panasonic
28 WV Thin-film crystal _— n-.--—--\--E- _______S@P_.weu%zi _________..-.._.----nm{m} ., =
Ir'qu] Kupln e ———— e T T T T T T L Ll bkt wherienlirr il ""
2 VR farian_a, 45 UNSW = | - AS
- ___,.,..-—-"" * - UNSW ] e ’ I
- = e crystalllne silicon 3 7 - —
(T.J. Watson D= ==="" , . Stanford UNSW - syl 2 —_ , | NREL S e Scas O\
Research Center) UNSW K\‘“ Georgia  Eurosolare (1) R = LW oA X oot A\ FhC-Ise UCLAY fing Solar
20F ARCO A Georgia  GEOMGE  Tech [ SFH -,? I“ZSW anadian Solar
Westing- 3 Spire Ve NSW T 'l:]q" Tech ] o o B NREL 2 -Iexel AN & |— RICéF_ NISTUNIS
hBLSE? Varian 4 U - W - ‘}- . Isail_lbm EP#’EI ar
Sandia g / GE F|r=,t GE “SalarFron [ p= o™
- R - U, S B - L 4 L") ’
16 RCA No. Carolina FI-:n-ga‘-'.“":._ -0 =g " th in fl I mS Solar & 4
Mobil State U. ggiare Sﬂlar“x _ o N L
Solar o Coﬁoemg .r 5 NREL Euro-CIS UniSolar N  UniSolar S| ncSiine Si)
12 - Buelﬂg Kodak Kodak g -~ Bogin 0= h : '
Kodak ¢ ~ g CUEU PFL
— ook, e, P Enery - /Phillips 66\ ;QCUT eFlexPV
M E.hb ita - l ~C B:Elng ,Snlamx ARCO .ﬁ-ﬂ;‘/‘:,:r:- \ U Toronto ' ' I%%f‘s
8- U.of Maing " 01020 2 UniSaler HKUST -"—UCLA
of Maine Boeing “oonto U, Tu:urontu:u
ST ~ (PbS-QD)
4
U. Linz J =
RCA e (ZnOIPbS-QD)
0L 1 I N N I SN (N I I N N I [N T Y T [y N S S T [N Y T T T [N N N S
1975 1980 1985 1990 1995 2000 2005 2010 2015 2020



Technical evolution and growth potential

26.1
______________________________________ \_30%(single junction limit)
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Current Pricing

Trend selt Trend selt
Modulklasse A '
e €/WP | coptember 2023 Januar 2023  Seschreibung
x ) U
ta3iNnes M tde rrut I tazaien 1 ';':

High Efficiency 0,27 |[-36% -325% TOPCon- odér |BC (Back Contact)-Zeten und Kombinat
{ara =lrhe riungsarads g 22 Prozent 5 -
randaradm e mit n <t ) [ } |

Mainstream 0,19 -50% - 36,7 % i Wegend in gewerbhche FJEN €

e | ! ) WI500 ! | E Prozent aus

Minderigstung Jule B-'War ‘ ' 5 1

Low Cost on |-83% - 421 % Jule. Produkte ma eingeschrankter Ocler ohne Garant
11 =1 Kes! Guch ks BankabDiity besitzen

HINWEEE FUR DAS PV PREISBAROMETER

https://www.pv-magazine.com/2023/10/18/downward-trend-for-pv-module-prices-losing-momentum/

German PV magazine, October 18th, 2023


https://www.pv-magazine.com/2023/10/18/downward-trend-for-pv-module-prices-losing-momentum/

Manufacturing of solar PV modules

a Solar-grade silicon Wafering Cell processing Module assembly




Manufacturing of silicon single crystal wafers




Silicon single crystal manufacturing

Czochralski Process Silicon Ingot Wafer Cutting

Credit CHRISTIAN KOCH, MICROCHEMICALS / SCIENCE PHOTO LIBRARY

https://youtu.be/skRmyhSOu28



https://youtu.be/skRmyhSOu28

Semiconductor solar cell manufacturing




PV Module Construction

Material Weight  Unit price Recycled revenue
($/kg) ($/m?
Solar cell  Total 4.7% 3.1 — Aluminium Frame
Silicon 4.4% 2.7 1.30
Aluminium  0.3% 1.5 0.05
Silver 0.03% 647 1.79 —— Tempered Glass
Ribbon Total 0.9% 0.56 :
Copper 0.8% 44 0.38 . —— Encapsulant - EVA
Tin 0.1% 16 0.18
Lead 0.01% 2 0.00
Glass Solar glass  67% 0.091 0.67 — Solar cells
Plastics Total 11% Waste to 0.14
EVA 6.7% energy* —— Encapsulant - EVA
PVF 0.8%
P,Efr 2.6% —— Back sheet
Silicone 0.9%
Frame Aluminium  16% 1.5 2.7

* The most common practice is waste to energy, with recycled revenue of $0.14/

2

m-.

Junction Box

Resources, Conservation & Recycling 187 (2022) 106612



Half-Cell Modules Standard
Advantages: w PHEE
_ Lower currents > lower resistive losses ~~ MMMN 48009
- Improved low-light and shading performance

Half-cell — + + — + + -

- Defect statistics




PV — Current technologies
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PV Module Construction

Aluminum Frame

Tempered Glass _’
Polymeric Encapsulation _’

Film 1 (EVA)

(e)

Ag Metallization Ribbon

Silicon Solar Cell Anti-reflecting coating

n-p junction

Silicon wafer

Backsheet (Tedlar®)
Al Metallization

Junction Box

Solar Energy Materials and Solar Cells 248 (2022) 111976



PV Module Construction

Material Weight  Unit price Recycled revenue
($/kg) ($/m?
Solar cell  Total 4.7% 3.1 — Aluminium Frame
Silicon 4.4% 2.7 1.30
Aluminium  0.3% 1.5 0.05
Silver 0.03% 647 1.79 —— Tempered Glass
Ribbon Total 0.9% 0.56 :
Copper 0.8% 44 0.38 . —— Encapsulant - EVA
Tin 0.1% 16 0.18
Lead 0.01% 2 0.00
Glass Solar glass  67% 0.091 0.67 — Solar cells
Plastics Total 11% Waste to 0.14
EVA 6.7% energy* —— Encapsulant - EVA
PVF 0.8%
P,Efr 2.6% —— Back sheet
Silicone 0.9%
Frame Aluminium  16% 1.5 2.7

* The most common practice is waste to energy, with recycled revenue of $0.14/

2

m-.

Junction Box

Resources, Conservation & Recycling 187 (2022) 106612



PV Modules Failure Modes

Table 2. Common degradation and failure modes of PV module components and their

effects. The delineation between degradation and failure is not always well defined.

Component Degradation Failure Modes Effects
modes
Frame Corrosion Warpage Increased risk of module "fJ E'al l" Useful Life ‘Vef“ out
q E failure (Random) failure
amage E
” 1 =1
Glass Glass corrosion Breakage, soiling, Reduced current, hotspot ; B< ﬁ_ B>1
abrasion formartion [~
=

Encapsulant

Internal circuit

Photo-oxidation

Corrosion

Discoloration,

delamination

Fatigue, cracks

Reduced current, increased

corrosion

Reduced current, cell

(interconnects, TCO) isolation, hotspot formation

e — — — — — — — — —
e — ] — — — — — — — —

Solar cells PID, LID, LETID Cracks, cell isolation Reduced power, hotspot

Time
(cracks) formartion

Backsheet Photo-oxidation, Discoloration, Increased corrosion,

hydrolysis delamination, cracks isolation failure

Junction box - Arcs, delamination Electrical fault, detachment

Renewable and Sustainable Energy Reviews
Volume 159, May 2022, 112160

EVIER

Review of degradation and failure
phenomena in photovoltaic modules

M. Aghaei ® ®, A. Fairbrother &, A. Gok %, 5. Ahmad ®, 5. Kazim ® f, K. Lobato 9, G. Oreski ",
A. Reinders 91, ]. Schmitz), M. Theelen k, P. YilmazJ ¥, 1. Kettle ! O =




PV Modules Failure

Modes

Renewable and Sustainable Energy Reviews
Volume 159, May 2022, 112160

ELSEVIER

Review of degradation and failure
phenomena in photovoltaic modules

M. Aghaei ® %, A. Fairbrother &, A. Gok %, 5. Ahmad ®, 5. Kazim ®, K. Lobato 9, G. Oreski ",

A. Reinders 91, ]. SchmitzJ, M. Theelen k, P. Yilmaz ¥ ). Kettle | o, =

frame

detachment

warpage

breakage

cells

! F corrosion

by-pass
diodes in

internal circuit
(interconnects, TCO)

—— cracked cells

hotspot

PID

LETID

arcs

LID

cracked
connections

— delamination

cell isolation

impaired

junction box

edge seals

front and
backsheet

itk

encapsulant

acetic acid

- component

— discoloration

bond scission ——— cracks

chemical

— chalking

failure effect

insulation

reduced current
& power



PV Modules Failure Modes

POWe'l%) LUD05-5% LeTIDO-10% Glass anti-reflective

_coating degradation EVAdiscoloring Delamination,
cracked cell isolation

nomra

Diode failure

Cell interconnect

breakage
Contact failure j-box Backsheet failure =
string interconnect g  Corrosion of
Glass breakage Z cell&interconnect
Loose frame

» Time
Infant-failure Midlife-failure Wear-out Failure

Causes of panel failure, PVE module scorecard



PV Module Recycling
Potential

Potential value creation through PV end-of-life management

Cumulative PV capacity:
1,600 GW

Life cycle:
Enough raw material Cumulative P.V
recovered to produce 2 o 3 0 panel waste:
60 million new panels 1.7-8
(equivalent to 18 GW) million tonnes

N/

Value creation:
Overview of global PV panel waste projections, 2016-2050 USD 450 million alone for
raw material recovery
100 New industries
and employment
90
o [ 4,500 GW |
£ BO pr -‘ 78 Million 4,000 _
S . =
= . ”
E 710 e 3500
T,
X 60 Million =
@ 60 " 3,000 B
z 5
¢ s iy 2,500 -
= L 16306w [ &
> 40 _e® 2000 >
@ N : ©
Z 30 et 1500 2
1] . ®
S o® o
E 20 ot 1,000
= "
u -
8 Million SO0
250,000 1.7 Million -
T L {]
2016 2030 2050

Regular-loss scenario ] Early-loss scenario

==« Linear (Cumulative PV capacity)

Cumulative PV capacity:
4,500 GW

Life cycle:

Enough raw material Cumulative PV

recovered to produce 2 o 5 o par:: W;aste:
2 billion new panels mlllon.
(equivalent to 630 GW) tonnes

Value creation:
USD 15 billion alone for
raw material recovery
New industries
and employment

\ ==/

IEA - IRENA Report "End-of-Life Management - Solar Photovoltaic Panels", 2016



PV Modules Recycling

End-of-life PV panels

v
Disasslembly

"

Machinery  Handmade
2 ]

Upcycling Cvcling] Downcycling
v
—» First step: Module delamination l
|
. v v v - Shredding
|, [T Thermal Mechanical Chemical
St delamination delamination delamination
®N . . IR 7 ¥ ¢ 7 7 V ' '
i an s || Bums Radio-frequency Shredding  High voltage Laser Hot Organic  Inorganic
Lyrolyels Hns heating / milling pulses irradiation  knife  solution  solution
’ I l | | | I I =R
7 o - Hammering
Y & milling
B Second step: Silicon cell and metals recycling
Silicon wafer £S5 3 l
Leaching/ Etching Mixing with
4 Valuable metals v polymers
Metal separation
Making v % v
compression High-temperature oxidation Electrolysis Chemical precipitation
moulded tiles \
$

L

Solar Energy Materials and Solar
Cells 248 (2022) 111976




PV Modules Recycling — Delamination Processes

(a) Thermal (b) Chemical
Large expansion of EVA

- - Tempered glass
* EVA:cross-linking part

EVA w EVA:non-cross-linking part
* EVA I e

EVA:cross-llnkinI ian
Glass

(e) Mechanical Cutting

Glass

EVA ’
EVA o

EVA
Heated cutter Glass

[t

(f) Mechanical peeling

Resources, Conservation &
Recycling 187 (2022) 106612



PV Modules Recycling — More on Hot Knife

https://www.pv-magazine.com/2023/08/17/advancing-circular-economy-in-
photovoltaics-the-hot-knife-pv-module-recycling-method/

https://iea-pvps.org/key-topics/life-cycle-assessment-of-crystalline-silicon-
photovoltaic-module-delamination-with-hot-knife-technology/



PV Modules Recycling — Sorting Processes

(a) Vibration Screening (b) Dense medium

Particles

(c) Electrostatic (d) Optical
Nonconductive Corona Electrode  High Voltage
Particle o ¥ ¥
Conductive 7 i

Particle

L
_. Electrostatic
Brush Electrode
. S -
- » 3
. 3 tE|ector
®
@) [.Je - :
0o odPd | & .:,'-OIO:.OQOI Rejects o Accepts
Nonconductive  Middling  Conductive I\ * y | '
Products Products Products —

Resources, Conservation &
Recycling 187 (2022) 106612



PV Modules Recycling: Industrial Example

frame separator

glass separator

Separation of glass

Removal of J-box Removal of frames from EVA/cell

Glass EVA Cell Back sheet Frame Heated blade

== Junction box

J-Box Separator Frame Separator Glass Separator

https://www.npcgroup.net/eng/solarpower/reuse-recycle/recycle-service



PV Modules Recycling

Take-home messages:

Recycling is technically feasible (worst case scenario: downcycling).
Examples of industrial-scale businesses are starting to emerge (e.g. Veolia France, NPC Inc,, ...)

The bottleneck is no longer low yield of a single material. Instead, it is more urgent to improve the cost-
effectiveness of value-recovery processing systemically

Economic viability is expected at higher volumes of PV modules at end-of-life
(current viability expected at a recycling cost of 4-5005/ton; at this time it is about 1000 S/ton)

Social acceptability needs to be taken into account
Recycling is a great business opportunity for the future
Regulatory framework is needed

Consider secondary markets

Design for recycle



New silicon-based commercial technologies: « Black» silicon

black silicon
absorption

silicon 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

Connecting

Positive Point Contacts

Standard module

A A
[ g |
e e e e o ;
'l'?anadlan Solar, inc.

€/kWh reduction driver: lower manufacturing cost at constant efficiency



One new frontier: flexible solar modules




PV — Current technologies

Wafer size and cell technology roadmap

Sooe Infobink (orondtng

PERC + SE

BSF
156 4 588 + full plece 153 4+ MBE + half cot m

700 Walersize(mm): @ 15600 @ 15875 @ 16600 @ 18200 @ 210,00

F=1 =
i &0 o =
=
é, £ 550 §
5 a
i SO S00 g
g 450 A50 E
=N
% 400 an X
= 3N 3150 i
10 300
L 250

2013 2014 2015 2016 2017 2018 2019 2020 0 2022 208 2024

German PV Magazine, August 17th, 2023
https://www.pv-magazine.com/2023/08/17/wafer-formats-continue-to-evolve/

Size advantages
Module efficiency
Lower BOS costs
- Lower LCOE

Drivers for dimensions:

- Initially, vertically integrated
companies with wafer production
capacity adjusted wafer formats to
achieve the highest module output.
Henceforth, the combination of
“rectangular wafers” and “high-density
encapsulation” became a focus of the
industry for future development.

- Later module makers came to realize
that the original format did not fully
utilize shipping containers.


https://www.pv-magazine.com/2023/08/17/wafer-formats-continue-to-evolve/

PV — Current technologies - lookout

1 Moy

JJU

~J

| &

World Market Share [%]

B B "ﬂ“ﬂefl%E - End of BSF | > 2023-2024
== I — B D=l - PERC (p-type)
N _SHJ . >70% in 2023
‘:S_ « dominating until 2025
o | - TORCon | | | R T
- 15% in 2023 > 60% in 2023
- B BE B - siHiT(sH)
1l PERC B N B « 7% in 2023 > > 19% in 2023
I \ B - 'BC/BC
= N B « 2% in 2020 > 5% in 2032
SEEE  BEEE BEEE Bl - si Tandem expected after 2026

International Technology Roadmap of PV 2023



PV — Current technologies

Review Article | Published: 07 March 2022

Status and perspectives of crystalline silicon
photovoltaics in research and industry

Christophe Ballif &, Franz-Josef Haug, Mathieu Boccard, Pierre J. Verlinden & Giso Hahn

Nature Reviews Materials 7, 597-616 (2022) | Cite this article

https://www.nature.com/articles/s41578-022-00423-2#change-history



https://www.nature.com/articles/s41578-022-00423-2#change-history

PV — Current technologies (the key: contact passivation!)

a Al-BSF b PERC c p-PERT
SiN

p-Si#
Si:Al (BSF)

d n-PERT e TOPCon (demo) f TOPCon (industry)

‘Si:B

ALO./SiN.

n-Si Si:P (BSF)} SiO, lTunnel SiO, J_Poly-Si:P lTunnel SiO Poly-Si:P

SiN

x Fire-through Ag

g SHJ (HIT) h SHJ (IBC) i IBC

n*FSF ’SiOZ/SiNX
d

Point contacts




PV — Current technologies - Fabrication

Al-BSF




PV — Current technologies

b PERC

Efficiency: 21-23%

. Screen-printed Ag

SiNx ARC and passivation
layer by PECVD

n* doping and full-area
emitter formation by POCl,
diffusion

Laser-formed elective
emitter*

High lifetime p-type base
wafer

Localized p* BSF between
Si and Al formed by laser
opening

Backside reflection and
passivation layer (SiOx and
AlOy/SiNy stack by ALD or
PECVD)

8. Screen-printed full area Al

9.

paste
Rear Ag pads for cell
interconnection



PV — Current technologies - Fabrication

PERC

Texture + clean

P-diffusion

Rear-side etch

ALO, +SiN :H
deposition

Front passivation stack

Laser contact
opening

Screen-printing
(front + rear)

Contact firing




PV — Current technologies

¢ p-PERT 1. Agand Al front
metallization by
screen-printing

2. SiNx ARC and passivation
layer by PECVD

3. p*doping and full-area
emitter formation by ion
implantation or BBr,
diffusion

4. High lifetime n-type base
wafer

5. Full-area n* doping by
POCI, diffusion

6. Backside SiNx passivation
layer by PECVD

Si:P (BSF), 1910, 7. Ag rear metallization

| (sometimes full-area) by
screen-printing or PVD

d n-PERT @

y A A A A 4
L\ A A A A 4
W v N Nl e
L\ Y 4 ' &

Si:8 L\lzog/SiNx

Efficiency: 21-23%



PV — modern n-type cells

2023 will be the year of n-type modules

9. February 2023 by Hanna Schneidawind

e Toponn 2023 appears to be a year of technological innovation for solar modules. Two trends in

particular are expected to determine production in the industry: First of all, there will be
‘ improved efficiency thanks to the increasing use of n-type M10 solar cells. In addition, higher

- - capacity is to be expected, with a particular focus on weight and size.
s > Unit: GW
Today, the most widely used technology for high-efficiency modules is still the PERC cell (p-
type), especially the Half-Cut Multi-Buskar version. However, a trend reversal is expected as 1 30

early as 2023 and TOPCon technology in the form of the n-type cell will become more widespread.

Advantages of n-type cells

* n-type wafers are doped with “phosphorus
elements”

* No boron-oxygen pairs

* Negligible light-induced attenuation 18 29 l
* Carrier lifetime one order of magnitude m— 4.5 [
higher than in p-type wafers 2020 2021 F 2022 F 2023 F

* \Vog, Isc, efficiency are improved

PERT mmm TOPCon HIT ==m|BC mm HBC  =—a==Total



PV — Current technologies

1. SiNx ARC and passivation
layer by PECVD
2. High lifetime n-type base
wafer
3. n** doping and back surface
. field formation for contact to
1 IBC cell metallization
4. p* doping and emitter
formation for contact to cell
metallization
5. Separation of n** BSF and p*
emitter by dielectric layer(s)
6. Laser opening of dielectric
layers for electroplated
contacts or high temperature
fire-through of metallization
pastes
7. Metal finger (n** contact)
8. Metal finger (p* contact)

7 - ' >

n*FSF lSiOZ/SiNX

Point contacts



PV — Current technologies

g SHJ (HIT)

h SHJ (IBC)

‘a—Si(i) ’SiNX

a—Si(ip)\ a-S’i(in)

W, -
L AAAAAA;

e

. Frontside fingers (busbars

optional) compromised of
low-temperature screen-
printed Ag pastes or
electroplated Ni/Cu/Sn/Ag
TCO by PVD (typically ITO
for high optical transmission
and low sheet resistance)
p* doping and full-area
emitter formation by PECVD
of a-Si:H

Intrinsically doped a-Si:H by
PECVD

High lifetime n-type base
wafer

Intrinsically doped a-Si:H by
PECVD

n* doping and full-area BSF
formation by PECVD of
a-Si:H

TCO by PVD (typically ITO
for high optical transmission
and low sheet resistance)
Backside fingers (busbars
optional) comprised of
low-temperature screen-
printed Ag pastes or
electroplated Ni/Cu/Sn/Ag



PV — Current technologies - Fabrication

Texture + clean

a-Si:H deposition
(front + rear)

TCO deposition
(front + rear)

Screen-printing
(front + rear)

Low-temperature
curing (200 °C)




PV — Current technologies: TOPCon

e TOPCon (demo)

TOPCon advantages:

SiN, Coaling * Increased cell efficiency
Ag/Al Front Contact

* Low temperature coefficients

AI203. * Reduced linear degradation
p' Emitter and extended performance
n-type c-Si guarantee

_ * Best performance with low
Tunnel Oxide.

irradiation
f TOPC indust
on (industry) n* Poly-Si * Low cost
LA A A A A 4 SiN, /
Ag Rear Contact
JTunnel SiO_ lPoly-Si'P Expected market share:
e e - 2023: 25%

SIN - 2025: 54%

x Fire-through Ag



PV - TOPCon

25% TOPCon Cell (SE + Poly or Bi-Poly)

J.(mA/cm?®) V. (V) FF (%) Eff. (%)
41.67 0.724 83.20 25.10

Detailed Balance Limit

(Radiative and Auger Recombination)
Silicon E, = 1.125 eV (@ 298.15 K)
Thickness = 170 um

J. (mA/em?)  V (V) FF (%) Eff. (%)
43.25 0.875 87.01 32.92




PV — TOPCon — key mechanism

\ oﬂﬂellb
n-type c-Si

Tynriel Ghider | o |7 |2 of T . f7 " .

n’) Poly-Si E

Electron quasi-Fermi level .(__ .)_ - Z e —.
E; ©
. S
Carrier =
Selective o
Layer %
=

Holes are repelled
from the surface

m

Yousuf, H.; Khokhar, M.Q.; Zahid, M.A.; Rabelo, M.; Kim, S.; Pham, D.P.; Kim, Y.; Yi, J. Tunnel Oxide
Deposition Techniques and Their Parametric Influence on Nano-Scaled SiO, Layer of TOPCon Solar Cell: A
Review. Energies 2022, 15, 5753. https://doi.org/10.3390/en15155753



Selective contacts

ntype Si Si(n+)
diffusion E
B /
P J, 4
R S . -
tal
Tunnel meta
Oxide
(SI0z)
a) Homojunction
e-selective
c) Band alignment
e-selective
Metal oxide
n-type Si eqg TiO,
=3
E. J—> T
Di &= :
Er, Jo s
metal
Tunnel

oxide

Amorphous/
) Polycrystalline
n-type Si Si(n")layer
- | Er
E.:.-. Jl'. a _/
D=
E., Jp 1
Tunnel | b
Oxide metal
(SiOz)
b) TOPCon concept
e-selective
d) Induced band bending
h-selective
High WF
Metal oxide
MoO,
n-type Si WOx
VOx
____E.:|______Jn_____-\ NiOx
\ a
Esp p - ""t

_ Tunnel
b) Induced band bending h-  4yvide

selective

Macco et al., Atomic Layer Deposition for High Efficiency
Crystalline Silicon Solar Cells, in Atomic Layer Deposition in Energy
Conversion Applications, J. Bachmann, Editor. 2016, Willey.



Band alignment of thin film oxides with silicon

Energy (eV)

0

10

12

| Si

a-Si

Sio,

Al,O, HfO, Ga,0,

Passivation layer

MoO,

L]
ol—

WO, V,0, NiO
h-selective

layer

Vaccum energy level

TiO, Ta,0; ZrO, In,0; ZnO
e-selective TCO
layer

Stradins, P. et al., “Passivated Tunneling Contacts to N-Type Wafer Silicon and Their
Implementation into High Performance Solar Cells”, WCPEC-6 proceedings, 2014



PV —iTOPCon Fabrication
Saw Damage Removal (SDR)

Texturizing

HF10% + HCL 10% DiEEing

DIW Rinse

RCA Cleaning

iTOPCon

Texture + clean

B-diffusion

% Rear-side etch

HF 10% Dip + DIW Rinse SiO, + poly(i)
B* Boron Diffusion
7 P-diffusion
Rear p* Removal

BSG Removal - S

Thermal Si0,
Front passivation stack
Rear SiN_
passivation

Screen-printing
(front + rear)

n*-goly silicon Conversion

Surface Passivation

Screen Printing and Firing Contact firing
. 4




PV — current technologies

Table 1. ¢-Si PV Metrics Relevant to Production Scale and Energy Yield

Al-BSF PERC PERT/PERL SHJ Back Contact

_ _ 500 MW
Production 20 GW (multi-) 20 GW (multi-) (IBC with mono-)
scale in 2019 5 GW > GW 2 GW

30 GW (mono-) 30 GW (mono-) (MWT with multi-)
Bifaciality N/A 0.65-0.80 0.85-0.90  0.80-0.95 0.40-0.50
factor
Power
temperature —0.40to —0.25to —0.25to
coefficient (% 000040 —-02510-0.40 -0.45 -0.30 ~0.30
per °C)

PERT/PERL and SHJ are believed to be relevant for monocrystalline only. Back contact includes IBC for
monocrystalline and metal wrap through (MWT) for multicrystalline. The bifaciality factor is measured via a controlled
indoor experiment to determine the amount of electricity generated from the cell backside versus frontside with the
same illumination profile and intensity and at the same temperature.



PV - n-type vs p-type

Limit 28.7%

Limit 27.5%
25.8%

29.43% (Si Limit)
Limit 24.5%

ﬁ

22%

25.1%

.
-
-
v
-
-
=

o TOPCon

PERC



PV — n-type vs p-type

30

Cell Efficiency (%)
[a—,
th

h

T 1

Crystalline Silicon Solar Cell Efficiency Trend

BCSC
Black Cell
) 1
17.2% '74 SR
Space Cell

14~15% '60

MINP
18% '83

Violet Cell
15.2% '73

l | | 1 | 1 ! | 1 I L 1 | 1 L L ! | | | 1 | I I | | | | | | | | 1

HIT-IBC
26.3% '16

TOPCon n-type

25.8%, '17
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PV — cell manufacturing (PERC)

g U u

1. Scan wafer. 2. Saw damage removal, 3. POClI, diffusion. 4. Laser-driven selective
surface texturization, and emitter formation.
pre-diffusion clean.

n n 7. PECVD of silicon nitride 6. High temperature silicon oxide 5. Wet chemical PSG etch,
8. Laser opening of dielectric  (SiN,) on the front and back for (SiO,) formation and PECVD or  rear side planarization, and
layers for ohmic contact frontside anti-reflection, ALD of aluminum oxide (AIO, or isolation etch by rear side
between Si and Al BSF. backside reflection, and surface Al,O,) for rear side silicon- phosphorous removal.
passivation for the solar cell. aluminum surface passivation.

B> P _
e .

9. Screen-print Ag and Al pastes  10. Optional hydrogenation step
for tabbing and BSF formation, ~ under illumination (or bias) that

respectively. Screen-print Ag improves efficiency and Monocrystalline  Multicrystalline
pastes for fingers and optional ~ passivates anq stabilizes defects
busbars on front. Cofire. responsible for LID. 20 - 24% Efficient Cells

11. J-V measurement, visual
inspection, and cell binning.

J-V = current density—voltage, LID = light-induced degradation.

Figure 6. Typical process flow for manufacturing monocrystalline (left) and multicrystalline (right)
PERC cells in 2020
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m Maintenance
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o 50.008 B Ag and Al Pastes
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w 50,006
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o S0.004
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$0.000 ] - - - I — |
Wafer Wet POCIZ PSG etch, Backside PECVD of Laser Screenprint Cofire Ins pection,
unloading & chemical diffusion &  rearside  passivation  backside contact Ag and Al pastes -V Testing,
inspection saw damage selective treatment, (502 and SiNxand  opening of pastes Cell Binning
removal, emitter edge Al frontside  dielectric
surface formation  isolation SiMx ARC layers on
texturiz ation backside

& dean

Figure 8. Step-by-step costs for monocrystalline PERC cell production in urban China, 2020

Assumptions include a 2-GW greenfield production facility in urban China for 258-cm? cells on M4 format p-type Cz
wafers, at 22% cell efficiency. ARC = antireflection coating, USD = U.S. dollars.



PV — module manufacturing (PERC modules)

Solar cell

_— == === = ,_)_\_ ;
Front to back stringing Stringing and tabbing ribbons
Nging, and

3. Automateg cell loadi
ding, tabbj ingi
= 2 ng, stri
ntactless infrareq Soldering to frontlan'd
I

/ back silver on celjs.

-

1 Auto"lated la S 'oadil lg. 2 | ayd f fi I}
glas own of rst enca Sulant Shee
. Psula t

4. Module layup - g

so<>k:|e| :;n&s;xanum or aufmm %
NG connector ribbons.
v
/ |
R Y . ‘

7. Automated mog
le edge trimming "
Aluminum fra s trimming. 6. Laydown of ba :
Me and silicone sealan. electrolumi &s?::égnsa:un:mim and _—
. ule lamination .
flip
V4 MOGUIQ)

g

W

nector leads | ’
J-box and fill with poti .
Sticker placeme Potting agent, 9.1V m i
nt . ' odule testi 3
and module curing, inspection. Module S:?ﬂ:;dam‘:umnmn%
Warehouse to await shipping to ¢ 0. MOve 10
IPPINgG to customer.

I-V = current-voltage, j-box = junction box.

Figure 7. Process flow for manufacturing standard PERC modules



PV
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$0.024
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$0.004

$0.000

Module Assembly Step Costs (2019 USD/W)

Depreciation (Equipment & Building!
® Maintenance
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W Labor

trame load ing ®m Materials
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::-E‘ ‘-C" [ tv:' I :C; p
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—
Automated G ass Automated Cell Automated Visual Inspection, Automated Module Solder String I-V Module Testand
Loading + 1stEVA  Loading, Tabbing, Placementof Cell Electroluminescence Edge Trimming, Connectorsto J-Box Electroluminescence
Sheet Stringing, Infrared Strings, Manual Testing, Module Aluminum Frame, and Fill with Potting Inspection. Module
Soldering to Front Solder of Connector Lamination Silicone Sealant Agent. Sticker Sorting and
and Back Silveron  Ribbons. Add 2nd Placement, Module Palletizing.
Cells EVA and Backsheet Curing Warehouse CapEx

and OpEx,

Figure 9. Step-by-step costs for monocrystalline PERC module assembly in urban China, 2020

Assumptions include 400-W modules with 72 half-cut mono-PERC cells (258-cm? cells, M4 format) at a facility in
urban China producing more than 1.0 GW per year. OpEx = operating expenses.



PV — fabrication cost

Table 2. Overview of Inputs Used in NREL’s PERC Cost Models

Variable COGS Inputs

Principal
input
materials

Labor

Electricity

Maintenance

Cells: Si wafers. Water-based solutions for PSG removal and surface texturization
(KOH, HF, HNO3, HCI). POCIs (or BBr3) for doping by thermal diffusion. NHs and
SiH4 precursors for SiNx:H by PECVD. Trimethyl Al (TMAI) for PERC passivation
layers. Al and Ag metallization screens and pastes for printing.

Modules: Cell stringing and tabbing ribbons, front glass, backsheet, 2 sheets of
polyolefin (POE) or ethylene-vinyl acetate (EVA) encapsulant, Al frame and edge
sealant, junction box, potting agent and tape for the junction box, and coded sticker
label for the module.

Cells: 0.15-0.45 direct employees per MW of annual cell production depending on
cell architecture.

Modules: 0.5-0.7 direct employees per MW of annual module production,
depending on level of automation.

Cell fabrication: 0.4-0.5 kWh per SHJ cell, 0.3-0.5 kWh per cell for all other
architectures; excludes polysilicon, ingot, and wafer production stages.

Modules: 15 kWh per 72-cell module.

Cells: Annual cost corresponding to 3% of the original investment in equipment.
Modules: Annual cost corresponding to 4% of the original investment in equipment.

Fixed COGS Inputs

Equipment
CapEx and
depreciation

Facilities
CapEx and
depreciation

Cells: Equipment CapEx of $0.10-$0.18/W for SHJ cell lines, $0.03—$0.10/W for
other cell lines. 5-year depreciation (straight line).

Modules: Equipment CapEx of $0.03—$0.05/W for PERC and standard modules. 5-
year depreciation (straight line).

Cells: $0.02—-$0.03/W total for new facility and building CapEx. 20-year depreciation
(straight line).

Modules: $0.02—$0.03/W total facility and building CapEx. 20-year depreciation
(straight line).

Remaining Fixed Operating Expenses

R&D

SG&A

3% of value-added revenues (for cells, total revenues minus wafer costs; for
modules, total revenues minus cell costs).

9% of value-added revenues (for cells, total revenues minus wafer costs; for
modules, total revenues minus cell costs).




PV — Current technologies
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Downsides of Si-based
modules

texturing andior
anti-reflection coating

.

front surface
doping
(emitter)

t
4

Silicon use:
1.5-3 kgSi/kWp

rear contact



Silicon costs money and energy

Energy cost is high!

—
(=]
(=]

<— Lowenergy ENERGY CONTENT (MJ/kg) High energy
=

s

0.01

R
.
S
o

: ~£200,000/0g
Diamond 74 somming

Polymers

Metals
and alloys

[ Composites —

Ceramics

A/
Glasses Wood and
Poml.'s " wood products
ceramics Rubbers —
\
i

I _ Concrete‘ Porcelain
0.1 1 10 100
<« Cheap COST (£/kg) Expensive —»

Incidence of silicon cost
on the module energy
and monetary cost:
>50%

Module
Cell Cost

20% 'l

Module
Finishing
30%

Module
Finishing
- 18%

Energy
Y’ Required



Thin film technology

- Based on materials with better light absorption properties-

NSRRI
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Transparent

Thin film technology: CIGS,
exide (TCO) a_S|, CdTe

Sunlight CaS
CIGS

Mo

Glass,
metal foll
piastics

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

Sasee:NREL * ... (several global companies)...
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Thin film technology:

aesthetics, building integration, reduction of installation cost




Thin film technology: CIGS, a-Sl, CdTe

- cost comparison with silicon-based modules -
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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

2023 Time



Thin film PV modules

- Techno-economic positioning -
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Impact of Thin Film Technology is Dropping

About 190* GWp PV module production in 2021

*2021 production numbers
reported by different
analysts vary to some
extend. Different sources
report a total PV module
production between 183
and 190 GWp for year 2021.

2020

2015
Thin film
Mono-Si
Multi-Si
2005

' 2000

Data: from 2000 to 2009: Navigant; from 2010: IHS Markit. Graph: PSE 2022. Date of data: Jan-2022

Percentage of Thin-Film Market Share

18%

16%

14%

12%

10%

8% +
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Basic working principle of a PV cell

- an electron’s perspective -

1.
Absorption
of solar radiation

Generation | I,
of electrical charges o=
Ilq

2.

Extraction
of electrical charges

4

Electrical energy

Energy




Multijunction («tandem») cells

- A more efficient use of the solar radiation -
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Multijunction cells
- Techno-economic positioning -
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Photovoltaic technologies:
state of the art

2. Frontier technologies
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Organic photovoltaics - OPV

Eloctron-Blocking Layer

Transparent Substrate

1ttt



Why Organic Cells?

Low cost

*High thoughput production

*Flexibility
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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



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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Using Nanoheterostructures
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Quantum dot solar cells

AIFITOA”
23.3%In
22.3% e
21.2% Y
19.29% ¢ J
ERENO

* Mostly perovskite QD sensitized 14.9% 3

HSU0 « E .l A - ~ 14.2%F N
* Other concepts: MEG, IB, Hot — i3 e 14.0% fo]

: 13.0%
extraction) =




Why using nanostructures?

47% (new generation)

* High theoretical efficiency potential

|II

26.1% * “Natural” scale

30% (single junction limit)
* Quantum physics and emerging

properties

Efficiency

 Morphological advantages

film/
New generation .
» Potential for low-cost processes

2023 Time



Quantum dots in photovoltaics

Key concepts and main kinds of devices (“proper” QD solar cells)
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"Colloidal Quantum Dot Solar Cells", Chem. Rev. 2015, 115, 23, 12732-12763



Quantum dots in photovoltaics

Key concepts and main kinds of devices (“proper” QD solar cells)

Bulk
Heterojunction

Bilayer
Heterojunction

Graham H. Carey, Ahmed L. Abdelhady, Zhijun Ning§, Susanna M.
Thon, Osman M. Bakr, and Edward H. Sargent, "Colloidal Quantum
Dot Solar Cells", Chem. Rev. 2015, 115, 23, 12732-12763




Quantum dots in photovoltaics

Key concepts and main kinds of devices (“proper” QD solar cells)

c Ungraded Graded Antigraded

Graded QDSC

Graham H. Carey, Ahmed L. Abdelhady, Zhijun Ning§, Susanna M. Thon, Osman M. Bakr, and Edward H. Sargent,
"Colloidal Quantum Dot Solar Cells", Chem. Rev. 2015, 115, 23, 12732-12763



Quantum dots in photovoltaics (or in any device!)

Need for assembling nanoparticles!
. a

ooooo

1P(e)
AN \ 15(e)
& ..-""'"i“-""-'-.
& & @O 152(h)
1P;5(h)

Surface

£
% 8
X £
= 9
/“"—(

Or @
=1

"' 99O

Energy

Isolated

 J

v

=
-

o
0.°%,05°2 o

2
Interparticle separation, Ax (nm)

M.A. Boles, M. Engel, D.V. Talapin, "Self-Assembly of Colloidal Nanocrystals: From Intricate Structures to
Functional Materials", Chem. Rev. 2016, 116, 18, 11220-11289



Other ways of using quantum dots
in photovoltaics



Photovoltaic Effect
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Thermalization of electrons: wasted energy!
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Nanoparticles in Photovoltaics
- Better use of high-energy photons: MEG (Multiple Exciton Generation) -

e
°
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. p h oto n s é 5 generation (MEG)
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h* 0238470t h'
Quantum Dot
[ | | | [
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Nanoparticles in Photovoltaics

- Better use of high-energy photons: Hot Electron Extraction -

selective energy contacts e

®
® ...
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.oo o g
o * o . <%
. : :
& bt 3
0. 0. & s
electron contact » R
s hot electron and hole 10 Cl

energy distributions

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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Intermediate Band Materials
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Intermediate Band Materials: How To...

Conduction Band Valence Band

Intermediate
Band



Intermediate Band Materials: State of the Art

Multiphase Nanostructured Films (via MBE)
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Concept is demonstrated, however:
* High cost _
* Limited ability of tuning the structure (and therefore the properties) udue et al,, Nature Photonics 6, 146 (2012)

Okada et al., IEICE Elect. Expr. 10, 2012007 (2013)
Ramiro et al., IEEE J Photov. 4, 736 (2014)







ell Architectures

Enhanced Absorber
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Upconversion (traces of...) via intermediate band
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Enhancement potential

47% (new generation)

Efficiency

New generation

2023 Time



Next-generation solar cells
- Techno-economic positioning -
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The |latest frontier:
Perovskite-based solar cells

CH;NH;PbX; perovskites

(X=I1, Br and/or Cl)

* Most promising thin film technology
@Cl,BrI (high efficiency)
@ CHNH, * Cheap, high-throughput manufacturing
* BUT: chemically unstable




The latest frontier:
Perowskite-based solar cells

Sensitized perovskite Thin-film perovskite
solar cell solar cell
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Perovskite — Band structure engineering

Bandgap tuning

Halide composition of CH;NH,PbX Y.
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Band structure engineering in metal halide
perovskite nanostructures for optoelectronic
applications
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Multijunction («tandem») cells

- A more efficient use of the solar radiation -
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Perovskite — Silicon Tandem Cells
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Longi claims 33.9%
efficiency for
perovskite-silicon
tandem solar cell

The US Department of Energy’s National
Renewable Energy Laboratory (NREL)
has confirmed Longi’s achievement of a
world record-breaking efficiency rating
of 33.9% for a perovskite-silicon tandem
solar cell.

NOVEMBER 6, 2023 VINCENT SHAW
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Raw Materials for Key Technologies in Strategic Sectors

Lithium

Natural Graphite
Nickel

Cobalt

Copper
Manganese
Tungsten
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L & H REEs
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Niobium
Coking Coal
Hafnium
Aluminium

‘a

Antimony
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Carrara, S., Bobba, S., Blagoeva, D., Alves Dias, P., Cavalli, A., Georgitzikis, K., Grohol, M., Itul, A., Kuzov, T., Latunussa,

-

7
A
(/. : "__1
= :ﬁ /
7 i P et

3 ‘-._, 2 ~— ] e ‘. V4 -
e ) AT

3 “x AN
o e
Z SR

e EWAT
SN R
\\‘ N N
e .7 .~ \
SR, Ut

i,

.

% i 4

N\ N T

e S O S “"'
/ S # b : e S
= R . A SN
\w 5

O
907 TN

———— _
M\\\T\

‘\

o
= 'oﬁh"['/
W

e
—— e |
\". L/l '.‘\'. N A T a e\

4 N
= x>\

y &
Vi

pa V7 o
, /l/‘z”/‘-__

%@%@i%sl

'\
.ﬂ

#
,.

4
g

[ ;
= R
/// ’4;':’/,
4 % \

——
e e

\
X R \\?\\\u
‘;\.A\\%‘o\i\ =

e —

"N\
NN\

R |
N
\\

C., Lyons, L., Malano, G., Maury, T., Prior Arce, A., Somers, J., Telsnig, T., Veeh, C., Wittmer, D., Black, C., Pennington,
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Supply Chain Risk
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Semiconductor criticalities in the Energy Transition
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(Critical and Strategic) Materials in Photovoltaics

Aluminium: in panel frames and
inverters or in alloys for construction and

support

Iron: in steel alloys for different parts and in
fixing systems

Lead: in alloys with tin as solder for electric
circuits and interconnectors

Nickel: in electroplating or in stainless steel
frames, fasteners and connectors

Zinc: as transparent conductive oxide in the
front contact of solar cells

. Strategic Raw Material
‘ Critical Raw Material

@d

o
o

Boron: as dopant in crystal lattice
of the silicon-based wafers

Silicon: as semiconductor materials in
crystalline solar cells

Germanium: as semiconductor
materials for multi-junction solar cells
for space applications

Silver: as conductive paste on front
and back side of the crystalline solar
cells

Source: JRC analysis.

Copper: highly used for wires, cables, inverters,
also in thin-film copper indium gallium selenide
(CIGS) technology

Selenium: in thin-film CIGS solar cell

Indium: as indium-tin-oxide (ITO) conductive
layer or in CIGS technology

Molybdenum: as back contact for CIGS or in
stainless steel frames

Gallium: as dopant in semiconductors or in CIGS
technology

Tin: in combination with lead for
soldering or with indium in
ITO conductive layers

Tellurium and Cadmium: in thin-film cadmium
telluride (CdTe) PV technology



Supply Chain Risk in Photovoltaics
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Scaling up photovoltaics
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Scaling up photovoltaics
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Scaling up photovoltaics

PV Growth

Installed PV capacity [TW,]

=

2020 2040 2050 2080 2100
Year

| '.') Check for updates |

Energy &
Environmental
Science

ANALYSIS

Cite this: Energy Environ. 5ci.,
2021, 14, 5147

Lorenz Friedrich 9?2

Resource Demand

Technological
learning

2000 2040 2000 2080 2100

Year

ROYAL SOCIETY

- OF CHEMISTRY

View Article Online
View Journal | View Issue

Technological learning for resource efficient
terawatt scale photovoltaics

Jan Christoph Goldschmidt, ©2** Lukas Wagner, {2* Robert Pietzcker (2° and

Energy Environ. Sci., 2021, 14, 5147



Module Degradation
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Fig. 4. Some common PV module stressors for a silicon wafer-based PV module, including light (hv), strain (¢), voltage bias (V), chemical diffusion, ingress and

egress (CH3COOH, H20, 02, Na+), electric field (E), and thermomechanical strain (AT). Dimensions are not to scale.
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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, qguantum dot-based) have the chance to
be a real breakthrough by combining high efficiency and extremely low cost



