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2 PV Facts c
| e m
E *Photovoltaic (PV) energy is one of the most promising emerging renewable technologies g
I [:i eCumulative PV capacity grew at 49%/yr on average since 2003 E
*Total global capacity overtook 510 gigawatts (GW) in 2019
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cumulative PV module shipments [MW)]
Key role for PV energy in the future
4 600 GfW. of installed PV.capaC|ty by 2050 would avoid the Madrid COP25
emission of up to 4 gigatonnes (Gt) of CO, annually Y  United Nations

Climate Change
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Most of the world’s biggest emitting countries  are missing in action  
 
Europe PV installation forecast shows that it will be always over 15 GW/y.
100 megawatt al giorno nel 2013 
At the same time the growing PV market continues to present substantial business
opportunities.. It is estimated that in 2030 PV could supply up to 15% of the overall electricity
demand in the EU, about 7 times more than today. The IEA predicts that global cumulative
installed capacity of solar photovoltaic electricity systems will more than triple from 2013 to
2020, reaching over 440 GW.
The global PV industry grew an average about 50% per year over the last 10 years, and
has reduced costs four-fold in the same period
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Which technology is responsible for that ?
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S From an historical point of view s S
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Alexandre-Edmond Becquerel b? Becquerel (1839)
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label +0.6-2.5cm -

Thl_n film selenium cell First silicon solar cell Ohlin 1941 M= 1%
demonstrated by Fritts in 1883. o
N=1%

Sample geometry used by Adams p-n junction based Si cell @
and Day (1876) S. Binetti - AVOGADRO COLLOQUIA 2019 - Roma Bell laboratories in 1954 M= 6%
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La scoperta dell’effetto fotovoltaico si attribuisce, convenzionalmente allo scienziato francese Alexandre Becquerrel che nel 1839 presentò all’accademia delle scienze del suo paese una memoria che descriveva i risultati di alcuni dei suoi numerosi esperimenti sull’elettricità : immergendo due elettrodi metallici in una soluzione ed esponendo l’intero apparato alla luce del sole Becquerele misuro il passaggio di corrente elettrica cioè osservando il formarsi di una d.d.p. tra due elettrodi identici di platino, uno illuminato e l’altro al buio; la d.d.p. dipendeva dall’intensità e dal colore della luce.
Il primo dispositivo simile 
In una altra serie di esperimenti effettuati anni dopo , fu riscontrata la particolare sensibilità del selenio alla radiazione del sole: 
1873: Willoughby Smith scopre la fotoconducibiltà del selenio (.
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From a physical properties point of view
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Silicon is not the best material !
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v'Availability (Si is the 2° most abundant element )
v'No toxicity
v'Low cost (0.22 $/W)
v Efficiency (26.7%) - module efficiency (18 % mc=Si- 22 % mono Si)
v'Long lifetime (35 yr)
v’ Sustainability*
v'Recycling process (PV CYCLE achieves 96% recycling rate for silicon based PV modules)
14
—  Up to now Silicon has no competitors ! Si
28.085

*Assuming 30 year system life Silicon PV systems will provide a net gain of 29 years of pollution
free and greenhouse gas free electrical generation
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 Pv system located in Sicily with mc-Si modules has an Energy pay back time of around 1 year  according to Franhoufer ISE 

Tutte le altre tecnologie devono tendere a soddisfare 
Unavoidable trade off 
How the scientific community is working in order to improve silicon based solar cells, with new material or new concepts ?
Reliability is another key word 
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Si metallurgic production
From quartz and carbon

SiO,+ C -> SiC+ SiO,-> Si+ SiO+ CO

1- 3% of impurities

Silicon production

with HCl

inductive heating

columnar

Si reaction
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SiHCl; purification via distillation Polysilicon deposition

Silicon
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| 99,9999999% (9N) or even 11N purity
. liquid
/./ silicon
[
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liquid / solid - G mylticrystalline
SIC seed
' Si erystal
Srastile Si monocrystalline
HF inductor
S 80% of 100.000 Si tons

susceptor

produced are for PV market
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It contains from 1 to 3% of impurities depending on the raw materials and the type of electrodes
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*C.Del Canizo, S. Binetti, T. Buonassisi in “Purity Requirements for silicon in PV application “
Solar Silicon Processes: Technologies, Challenges, and Opportunities CRC press (2016)

Silicon solar cells

Carbothermic Ultra- Crvstallisation Waferin Solar cell
reduction puarification v 8

-

processing

T ‘ *

Impurities out (segr.) Impurities in
Refining step to 1-2 N Impurities in Impurities out (getter)
Structural defects created Defect passivation
(hydrogen.)

Refining step to >6N, but

Impurities in surface
some impurities in

Surface defects (saw)
Impurities in / defects created

in direct-wafer technologies %

Producing the best quality feedstock is not the end of the story :

The process involves a number of steps, with the potential incorporation of
contaminants, but with the opportunity to rearrange the impurities

The optimization of every step of the process was the key of the Si solar cell’s success
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Important Role of Chemistry !
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Come si dice ridurre i costi  si dovrebbe mettere referenze 
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= S Multicrystalline silicon growth process z
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N < Inductiv _ ~ o e =)
BICOGGA ez, E /%,“‘I‘““ R B
DS growth process avoids the costly A1 [
pulling sytem n — ]
e || [T tiquidisolid
columnar interface
crystalligsed silicon @
High density of dislocations and grain boundaries
[B] = 1016 - 107 at/ cm?3
[O]=1-20 ppma; [C] = 1-10 ppma ; [Fe] < 10% at/cm?3
Poly Silicon Casting _ ) . Blocking Silicon
_ Multi-Crystalline Silicon Ingot .

Silicon Brick

The silicon blocks are sawn into wafers by multiwire sawing
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Un altro vantaggio è il fatto che si possono ricavare delle celle quadrate e quindi è più facile assemblare le celle in moduli e quindi la differenza in efficienza nei moduli è ancora minore tra poli e mono . Ovviemente il metodo di solidificazione si è molto raffinato , ma esula da questa lezione , ma dettagli li potete trovare in ..
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Temperature
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Impurity
level

=100ppm

Purification by crystallization
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Solid
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Segregation coefficient of metals

K :&<1

Liquid

—N

Reduction of metal impurities up to less than few ppma
Solid

= <0.01ppm
time

f solid
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2 Silicon solar cell’s process: state of the art -

E textured surface E E
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BSF back surface field
The stand
2017 : JinkoSolar and Fraunhofer ISE break solar efficiency records for everyday solar panels 22.04% world record
ard device 
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= Junction formation: positive impact z
= 2
z Annealing in nitrogen saturated with phosporous oxycloride (POCI,) =
ICOCCA o S
, SIMS
Lifetime increases by P gettering process 10° | o
— i —o—Ca
- “”E " 7.71_.
Me, +SI, & Mg, g 1) 'E;
5 e
Injection of point defects and diffusion versus the Z °
PSG layer of metals 5w s e ee o s
° \0%3\0.000/ memoe oom oo
In mc-Si: impact of impurities segregation on elecrical X V\w Tl K %ﬁw\@eﬁq f%@
activities of defects 10" — YRR 1{0’ \12
E.B.I.C. TEM Pepth [y

S. Pizzini et al . J. Electrochem. Soc., vol. 135, no. 1, pp. 155-165, 1988.

M. Acciarri, & S. Binetti et al. Prog in PV (2007)
J. Libal & S. Binetti et al JAP 104, 104507 2008
S. Binetti et al. Materials Science & Engineering B 159, (2009) 274
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P gettering has undoubtedly enabled the development of mc-Si cells 
Fast inline characterisation tools for crystalline silicon material and cell process quality control in the pv-industry ('FAST-IQ')
Kick out reaction 
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Z = Antireflection coating: positive impact Z
BICOCCA B

Incorporation of atomic hydrogen from the SiNx:H anti-reflection coating and its diffusion into the
bulk : Passivation of dislocations and Grain boundaries

All the process has been optimizated also by developing of analytically in line tools like PL
mapping, PV scans or uPCD

PL map

Lifetime mapping of a mc-Si ingot

ﬁsﬁ.:‘ mﬁfﬂm

311r« -I‘....

1. 'ﬁ

B o5ps N . ccus B

S. Binetti et al. , Materials Sci. Eng. B 36, 68 (1996)

T. Trupke et al. Appl. Phys. Lett., 044107, (2006)
S. Binetti - AVOGADRO COLLOQUIA 2019 - Roma S. Binetti et al. Solmat 130 (2014 )696
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Silicon

(slim) rod

Si reaction
with HCI

H

| | TCS+H;

ExhaustGas o trical

Power

99,9999999% (9N) or even 11N purity

SiO,+ C -> SiC+ SiO,-> Si+ SiO+ CO

1- 3% of impurities

inductive heating

\ o

™~ liquid / solid

interface

columnar
crystallised silicon

Si multicrystalli

SiC seed

S
™ mc-Si :
[I HEF taducto * possibility of using Up graded MG silicon (n= 19%)
- * new advanced casting technologies under development

@
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It contains from 1 to 3% of impurities depending on the raw materials and the type of electrodes
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% = The technology has led us towards higher efficiency solar cells Z =
2 : = &S
z 2 2. B
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*PERL cells (by UNSW)
record of efficiency: 26.7 %
Commercial efficiency: N=22 % (Suntech)

% p-silican j
P " rear contact p+ oxide :

ptimizing :

v’ Texturization
eBased on n type Silicon : | v' Surface passivation
commercial n=25.5% (Sunpower) | \AAALALEALAMAAY v" Contacts
. ™ ® © O C v Material lifetime
hmeh ek e v" Junction
HIT® Solar Cell Structure
e HIT structure : c-Si with a double a- Ultra-thin amorphous silicon layse
Si/c-Si heterojunction on n-type : —Then fate
(Sharp -Sanyo) »
n= 25.6 % (R&D) electrodeF ::‘J;;ﬂ?n“;
N=21 % (in production) n silicon wafer

Efficiency is very close to the maximum value (28%) >

Ultra-thin amorphous silicon layer

S. Binetti - AVOGADRO COLLOQUIA 2019 - Roma
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High efficiency
Device related problems , but still material related problems (defects , impurities …) Recombination process , surface passivation , 
Several approaches has been proposed and development in the last 15 yeras .. 
(localize back contact conductivity type n.typ insteda of p.type for two reason lifetime is higher in n.type and to avoid the formation of B-O under light exposure which are responsible of a degradation of lifetime ..
 means approaching 20% or above : Pluto : excellent low light performance ; superior aestetic , No LID Ga doped 
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Current research activity: closing the gap and studying the ~pcy

<
E [ ] [ ]
> remaining defects
@)
Ingot Ingot Classification Doping Re[i.;i:q\/]ity [pporina]
A Reference n-type 1-5 <18, 7.8-8.6 at /cm?®
. <18
B Low Grade Polysilicon n-type 1-5 8.1-9.3 at fom®
<16
C Low Oxygen level n-type 1-5

7.2-7.6at/cm?

19.4 4

efficiency (%)

<
T

position from seed (AU)

B

; UNSW

SYDNEY

Yourenergy. Our passiol [

Standard n-type cell processing on
wafers coming from different CZ
ingots and ingot positions

Cells of ingot A,B show evidence of
decrease of N % in the seed side

(High oxygen concentration)

G. Colletti et al. Solmat 130, 647 (2014) ; A.Le Donne, S. Binetti *, et al . Applied Physics Letter 109, (2016), 033907
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TNO, the Netherlands Organisation for applied scientific research
Recently we applied spectrospy in order to undestrand why some commercial Si cells coming from wafers close to the seed showed
This phenomenous were observed in several ingot except I low 
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The reason behind the decrease in efficiency
Cz
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® Room Temperature PL images of the band-to- :
band (BB) emission shows the bright/dark rings  Bright
(striations)

e Dark striations correspond to lower effective

minority carrier lifetime than the bright ! ] : :

striations. x [cm]

L —

0.2 04 0.6 0.8 1.0
PL Intensity [AU]

e No direct correlation exists between the
PLimaging

feedstock quality and the occurrence of
striations (Absence of striations in the middle
and bottom wafers of the REF/LGP ingots and in
the whole LOO)

A. Le Donne, S. Binetti * & G. Coletti Applied Physics Letter 109, (2016), 033907
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Related to pulling system 
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Your energy. Our passion.

Photoluminescence results

On striations

0_30_' REF/LGP samples across a striation
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09 10 11
Energy (eV)
Position of the band (0.87eV ) and temperature dependence

associated to oxide precipitates

0.7 08 12 13

Temperature (K)

SiO, nanoprecipitates (density about 10! cm3) formed during the pulling growth
are responsible of the efficiency’s decreases
Possible solution: dissolution treatment

S. Binetti, et al. J.Appl. Phys. 92, 2437 (2002) ; E. Leoni, S. Binetti, et al. J Electrochemical Society 151, G866 (2004)
S. Binetti - AVOGADRO COLLOQUIA 2019 - Roma
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Considering the that we found a deep level at around 0.87 eV and that the temperature dependence is similar to the one found by Tajima, we are in presence od oxide precipitates.
In addition the work of Leoni et al demonstrates that such broad band originate from nanoprecipitates and in particular as demonstrated by Binetti et. al precipitates larger than 50 nm are ususally associated with dislocation loops (giving rise to D1 and D2 bands), which were not observed here
Intensità 0.87 eV normalizata sul FE or BB 
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BICOCCA BICOCCA

Silicon for Product or Building Integration Photovoltaic and Vehicle
Integration PV (VIPV)
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Flexible Si modules with efficiency > 20 %
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Huge cost saving potential for Si PV by using less Si per module and by reducing energy consumption

In situ growth of
epilaxial Si

Delineation of the
area to be
detached

Reconditjoning of
the parent substrate
for re-use

Solar cell and module

Nn=20.6 % 43 um thick ; 156x156 mm? by ISE- Fraunhofer

H. S. Radhakrishnan et al. Solar Energy Materials and Solar Cells 203 (2019) 110108

Detachmentof
epltaxial sillcaon
layer

-
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. High material qualities have already been confirmed on solar cells made from epitaxially grown wafers/foils at various thicknesses such as 20.6 % on a ca. 43 μm thick EpiFoil with an area of 156x156 mm2 by the company Solexel5, 19.1 % on a 43 μm thick EpiFoil (“PSI process”) with an area of 40 mm2 by ISFH6, 23.0 % on a 150 μm thick EpiWafer with an area of 156x156 mm2 by the company Choshu in collaboration with the company Crystal Solar7 and 22.5 % on a 180 μm thick EpiWafer with an area of 156x156 mm2 by IMEC in collaboration with the company Crystal Solar8. 
J. H. Petermann et al., „19 %‐efficient and 43μm‐thick crystalline Si solar cell from layer transfer using porous silicon”, Prog. Photovolt: Res. Appl. 2012; 20:1–5. 
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Overcoming the single junction limit (28%)

Aiming to approach the thermodynamic limit

n=1-

Multijunction solar cells concept

T

Tl

:1_@ =93%
300

What’s next?

Power density [W/{mZ.nm)]
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PV market is driven by efficiency improvement
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= : Tandem solar cell EE
{7 <.
BICOCCA BICOCCA
Theoretical efficiencies up to 44 % @1 SUN Perovskite on silicon
= 207 | | 1
(‘;.IC
3 ' B _
S 3
S £ 10f -
s o
- O
53 05 o
n &
o
S 00k -
2 0.0 b= .

400 600 800 1000 1200

Oxford PV’s 1 cm? perovskite-silicon tandem solar cell
has achieved a 28% conversion efficiency

Wavelength [nm]

Main open questions: lifetime and stability

S. Binetti - AVOGADRO COLLOQUIA 2019 - Roma

Nano-Micro Lett. (2019) 11:58
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Perovskite solar technology leader announces second in a series of equipment orders from leading photovoltaic equipment supplier – Meyer Burger
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= Cu,ZnSnS, for Si tandem solar cell
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Cu,ZnSnS, (CZTS) Enviromentally friendly, low cost, many deposition
methods

High stability

E,can be tuned between 1.45 and 1.65 eV (DIRECT)

High absorption coefficient (> 10* cm™?)

Efficiency record n,ocorq= 11% * (CZTS) - 12.6% (CZTSSe)

YV VYV

*C.Yan et al. Nature Energy 2019, 3- 764

The first working monolithic tandem cell, with Voc = 950 mV and n= 3.5%, V. Trifletd etal., Chemistry Select 2019, 4, (17), 4905-4912.

M. Valentini et al. Solar Energy 190 (2019) 414-419

p—

ZI‘IE;;ITD 05 Jsc= 11.8 mA/em? Jgo= 6.0 mA/em®
TD;‘J [ bias light 840 nm bias light 470 nm
0.4+
L
Si g S
n- CZTS c-Si
"_) 02}
-Si
Bottom D -
LRI oo T e —————————————— 0. . . . .
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From the chalcopyrite CIGS structure, one can obtain CZTS by substituting the trivalent In/Ga with a bivalent Zn and IV-valent Sn which forms in the kesterite structure.



9

3 UNIVERSITA

-~

DEGLI STUDI

O
ICOCCA

-
=
a
=
-
c

:
aw
.
>
J

=

Silicon based solar cells’ evolution

NVTIN 1A
&9 UNIVERSITA
== ONVIIN 1d

1950s: development of both crystal growth and junction diffusion techniques
1970s: development of shallow junctions, photolithographically metallisation,
antireflection coatings and surface texturing.

1980-2000: improvements in mc-Si, surface and contact passivation, bulk lifetimes
2000-2022: further optimization reaching the theoretical limit also in modules
2020-2030: flexible Si modules & tandem Si-solar cells

2030 - ?: building cells with Si from end of life modules: 1.7 millions of tons in 2030

There is still room for chemistry-related research activity

S. Binetti - AVOGADRO COLLOQUIA 2019 - Roma
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This was followed by 
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multicrystalline silicon solar cells (Multi-Chess 1) -
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Solar Cells (NESSI)
e 2005-2008 FP6 "Nanocrystalline silicon film for
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Thank you for your kind attention
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- Boron emitter p* epi —=Si by low temperature PECVD
C;; POLYTECHNIQUE
IGOGCA Advantages: lower thermal budget, control of doping profile @ e ranis
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HTREM measurement in progress

M. Chrostowski , J.Alvarez , A. Le Donne, S. Binetti, Pere Roca Cabarrocas , Materials 2019, 12(22), 3795
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Relatore
Note di presentazione
0.9 eV arises just in the epilayers


High efficiency solar cells :

e PERL (Passivated Emitter Rear Locally diffused cell® . N
developed by UNSW in 1990 N

1. top surfaces is textured with inverted piryamid structures
2. double layer ARC (MgF2 and ZnS)

3. reduction of the contact area at the front side to reduce the shadin . p-silicon
losses _ 2
4. Inthe emitter: high doping under the front metal grid to reduce the -0 N

rear contact oxide

related contact resistance and low doping for the rest of the emitte..
Then the uncovered emitter is also easy to passivate.

5. Back contact optimized by point contacts and passivation layers

n=25.5%

S. Binetti - AVOGADRO COLLOQUIA 2019 - Roma



HIT cell

e Several advantages:

1. a high open circuit voltage due to the potentiality of HJ and due to the good silicon
surface passivation promoted by the a-Si:H lyer,

2. No high treatment
3. Amorphous layer works as a passivating layers

4. a better response as a function of the operating temperature with respect to
conventional silicon base

SANYO HIT® Solar Cell Structure

p-typeli-type
(UHra-thin amorphous sihcon layer)

: Thin mono

Frlﬂntr-sliiﬂ crystalline

eleciroge silicon wafer

Eear-side X100 Hm

electrode™ T e O
H -

i-hfpefn—’rlv pe
{Ultra-thin amorphous silicon layer)

5. Binetti - AVOGAREDZELB % NWOE= BTG eV


Relatore
Note di presentazione
Was developed by Sanyo Japopab 
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Bulk lifetime rat MPP (us)

e Given a substrate with a certain concentration of impurities and
defects at the end of the cell process, which translates in a certain
lifetime, Figure indicates the efficiency that can be achieved,
depending on the cell architecture
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High quality CZTS thin films by wet process
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Aim: Develop a simple , cheap, no toxic process based on the sol-gel technique

Molecular inks :

CZTSsol was prepared by dissolving in DMSO:

e Cu(CH;CO0),H,0;

e SnCl,-2H,0;

e Zn(CH;C0O0),-2H,0.

After complete dissolution, thiourea was added.

We investigated the composition and stability of the molecular ink
V. Trifiletti et al., Chemistry Select 2019, 4, (17), 4905-4912.

S. Binetti - AVOGADRO COLLOQUIA 2019 -
Roma
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Sol-gel evolution

Ink composition :

Cu(CH;C00)-H,0

Zn(CH,;C0O0)-2H,0
SnCl,-2H,0

in (DMSO and TU)

V. Trifiletti et al., Chemistry Select 2019, 4, (17), 4905

DMSO

=
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— INK

o
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o
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Normalised Intensity (a.u.)
o
o

o
N
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g
g
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due to
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Raman shift (cm™)
After drying in air the DMSO signal disappears, and after 30 hours the thiourea signal splits in

bands that are assigned to the metals coordinate by TU.
S.Binetti, Sydney 27th November 2019


Relatore
Note di presentazione
Cupper and zinc acetate, tin chloride, thiourea and DMSO compose the ink. Its viscosity increases, due to the polycondensation process, assisted by the thiourea. DMSO dominates the ink Raman spectrum, but the thiourea hump is visible. We have checked the ink evolution to gel: after 6 hours of drying in air the DMSO signal disappears, and after 30 hours the thiourea signal splits in bands that are assigned to the metals coordinate by TU.
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1 Precursor Ink
Metal salts

AT
Ing / '\
/\J\/‘ ")\
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Thin film

Kesterite thin films by non toxic solution process

Several deposition methods

Thiourea (TU)
v Dimethylsulfoxide

MSO)
\<D\‘A z
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Spreading on FTO Glass or Mo coated glass

N\
B

_
550°Cin Argon,no S

Gelation process l

QOO ICIC )

2 Precursor-ink ——

Metal salts

Thiourea
Dimethylsulfoxide

f‘v""‘* 1y ‘r“\

Spin Coating on substrates% Cu,ZnSnS, Thin-film
FTO or Mo Glass)

Thermal

"-_-r"-—-"'- “*-_-'\"-_-"q_r"-"'—l"

= treatment without

I
sulfurization (IR,

3  Precursor-ink +a ink jet printer (in progress)

V. Trifiletti et al., Chemistry Select, 2019

S.Binetti, Sydney 27th November 2019


Relatore
Note di presentazione
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~) IG0CE
Cu(CH,C00), - H,0  Zn(CH,COO0),- 2H,0 SnCl, - 2H,0 Thiourea
0.8 mmol 0.5 mmol 0.5 mmol 9.0 mmol
loading
15t Layer: 4 ulL/cm?
Solvent: 2nd Laver: 6 ul /cm?
DMSO 3.0 mL

Thin films were fabricated
by
1) a direct drop-casting
of the solution
2) Gelation in 30’ at RT
after droplet deposition

/
U‘ 3) 1st and 2" Layer:
E

Oven annealing in Argon
@ 550 °C

final thickness:

|/ 1.2 _1.5 |J.m

S.Binetti, Sydney 27th November 2019
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%E % Optimization of the solution/film z
=

— 1.00 1 3.7 M

— 0.91 1 3.7 M

n 0.86 1 3.0M

— 0.83 1 3.0M

— 0.80 1 3.0M

n 0.80 1.1 3.0M

- 0.80 1.2 3.0M

“ 0.80 1.2 23 M

7
<

200 nm EHT= 500Ky  SignalA = SE2

SEM MAG: 30.00 kx DET: SE Detector TI—— Dus 12 Gap 2
HV: 20.0 kV DATE: 09/12/18 2 um Vega ©Tescan ag= 1. — o 72 o 27
VAC: HIVae Dewvlce: TS5136XM Digital Whr= 3.7 mm -y

S.Binetti, Sydney 27th November 2019


Relatore
Note di presentazione
1-3 ohmic behaviour ; Nanometric grains #7 average grain size 400 nm 
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CZTS drop casting samples: material properties
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XPS analysis on CZTS film

1C0CE

z

W ot
=

Zl8 LARNE

2 &S

z Z

5 o

From Ms. Sally Luong, Dr Vanira Trifiletti and Dr Oliver Fenwick
School of Engineering and Materials Science ,Queen Mary University of London

2.5x10% 1.2x10* 2
“u 2 951.98 932.18 47Zn
JCu 2p ¢ ) 10.80 eV" ) 5 P 23.1 eV (1021.9%)
= 2.0x10% - i ] |
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Binding FEnergy {3\«") Binding Encrgy (cV)
2.5%10% lon Beam Etch:
ox10* 4Sn 3d (486.68) 8.5 eV 1S 2p (162.88) 1.1 eV 30 sec x 3 times
= 4 (495.18) @ 2.0x107 - .
= 1] = 1 L)) (30 nm eachtime)
= 4 8 A
2 il S sx10 _ Energy 8000 eV
Z3x10° - E | oxiot 4 Raster size 1 mm
z - £ ] .
2 2x10 = Cluster size 1000
- E 5.0x10° =
1x10% — -
U 1 I U’U LA R AE LB EE LALRE R R LA LA RAREE LA LS L
: T T 1 1 1 164 1 162 161 1 159 1
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Binding Encray (¢V) Binding Energy (eV)

Cu, Zn, Sn, and S oxidation states: Cu (I), Zn (II), Sn (IV) and S (II)

Sample #2

Unpublished results
S.Binetti, Sydney 27th November 2019


Relatore
Note di presentazione
XPS analysis conferm the reduction of Cu and Oxidation of Sn 
Da Cu 2 a Cu 1 e da Sn 2 a Sn4 
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Band gap and PL
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Relatore
Note di presentazione
Recently a beneficial effect of a post deposition annealing (PDA) on CZTS has benne reported in several works . The physical mechanism behind this wotk are not completyely understood 
Si penetra 300 nm con 805 nm , con 441 nm penetriamo solo 150 nm
Band tail flutuations maggiore 
Spot ? 0,3 x 1 mm P= 55 mW , e P =0,5 mW
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Device Performance

1 Voo = 175.0 mV
— 0,09 4 J,, = 18.93 mA/cm?
c In=111%
§ 007 FF=3343% 0.8
- ’ Surf. area = 0.15 cm?
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D ! 0,6 1
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0,0
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n=111%
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Unpublished results

___________________________________________________________________

. SCAPS software simulation indicates .
problems at the interface with the back |
contact

S.Binetti, Sydney 27th November 2019
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Relatore
Note di presentazione
Dopo TT 200 °C sulla piastra 10 minuti ed è morto 
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Cu,Zn,_Fe SnS,

Molecular inks :

CZFTS sol was prepared by dissolving in DMSO:
e Cu(CH;C00),-H,0;

* SnCl,-2H,0;

e Zn(CH;C0OO0),-2H,0.

* Fe(CH;COO0),

After complete dissolution, thiourea was added.

y
M Ink is spread on Mo SLG and HT @550 °Cin S

S Preliminary thin film results very promising

Cu,Zn,_ Fe SnS

4 s.Binetti, Sydney 27th November 2019



Perovskite-based solar cells

A new age for low cost high-efficiency PV

ABX, (RNH,Pbl,)

Park, N.-G. J. Phys. Chem. Lett. 2013, 4, 2423 (perspective)

S. Binetti - AVOGADRO COLLOQUIA 2019 - Roma



Perovskite-based solar cells

A new age for low cost high-efficiency PV

AB
CH,NH,Pb

..% e Solvente
e\

TiO, TiO,
Fluorine-doped tin oxide Fluorine-doped tin oxide

Glass Glass

mesoporous PSC planar PSC



FTO cleaning

Hole blocking layer (TiO,
compact layer) (by spin coating
or spray pyrolysis): 50-100 nm

Mesoporous TiO, layer (by
screen printing and sintering):
300-600 nm

Perovskite layer (one- or two-
step sequence)

HTM layer (spiroOMeTAD or
other HTM) (by spin coating)
Evaporation of photocathode
metal contact (Au or Ag)
Encapsulation and
measurement

Flop-

]
[=2)

A l PCE = 6.0 %

Phiatoaclive araa
BrFra
O Glass
[0 Hole blocking layer (a.g., Tids)
[ Mesoporous Tid,
B cH.NH.Pbl, | TIO,
[ Heola transporting matrix
[ Auor Ag

4 dn

T,
(a) Mesoporous TiQ,

|

l Ti{N) solution

ﬂ

4 A0, NPs

|

|

l Spiro-OMaTAD

b

}

”'ﬂl 12.3%

—

B Mesoporcus A0,
W CH,MH,PBL G, ALD,

Spin-OMaTal

3
4 £ H

B !

7 CHyNH i, O,

B E Tich,

{b) Meso-superstructured

B CH.MNH.Fh, CI,

{c} Planar

f:f’

'1.’1:'! A_\ o
- [
0 i
f’“‘f i,

i,} gl

OH

£

,l
'I.:l

.
G
m] Spiro-OMeTAD

Yan | F: Saiindere R R Rer Adv 2014 4 AR278A




Perovskite-based solar cells

PROS

strongly absorbing over a
broad range (< 1 pum thin
films)

ideal for solid-state cells
actas HTM and ETM as
well

lower loss-in potential and
higher voltages (0.4 V)
20% efficiency reached

extremely low cost

CONS

dissolve or decompose in the
electrolyte (no liquid electrolytes)
toxicity of Pb components

full device stability in moisture and
air to be proven

degradation with UV light



Perovskite-based solar cells

World record efficiencies
(a)

25 -

20.1%
20 -

15 -

PCE (%)

10 -

2009 2010 2011 2012 2013 2014 2015

<~ Last certified value: 20.1%
< World record (EPFL): 25.2%

(2019)




Addressing the challenge of automated handling of foils to high mechanical yield ad throughput during cell fabrication
epilayer

483N~ Y LP-TL
: HP-DL ‘::>

4. Front-side processing

6. Parent <:|
substrate

conditioning

and re-use 5. Epitaxial layer

transfer to glass

7. Rear-side processing
and solar cells on glass

Solar EnergyMaterials&SolarCells135(2015)113-123
glass

epilayer



* Energy payback time for Si solar cells
 Northen Europe : 2, 5 years
e South 1, 5 years

e Pv system located in Sicily with mc-Si modules has an Energy pay back
time of around 1 year !

o www.ise-frauhofer.de

Assuming 30 year system life Silicon PV systems will provide a net gain of 28-29
years of pollution free and greenhouse gas free electrical generation


http://www.ise-frauhofer.de/�

47

it’s a necessary component in photovoltaic solar cells
in the form of paste used as a conductor.

] o In 2014 this sector accounted for 56% of overall
Silver & 899 FINE demand for the silver.
107.868 SILVER

The solar industry alone used at least 70 million
ounces of silver in 2015.

* the average solar panel contains between 15 and 20 g of silver: (10 g /m?)

* solar could equal or exceed the silver volumes previously used in the photographic film industry

Lithosphere Relati'._'e m:_'undance AI:_pundan::e AI:_pundan::e Production
Rank # |Z # | Element # |Symbol $ sbundancell ¥ FIrDFIDrtIEn = in ::ru-.-.: = incrust ¢ in ::ru-.-.: = (2012, ¢
(ppm)!-! (ppm)L-] (ppm)!* (ppm)L-] tonnes)!
1 8 oxygen O 460,000 474,000 460,000 467,100 461,000
2 14 | silicon 4 Si 277,200 277,100 270,000 276,900 282,000 7,600,000
65 47 | silver Ag 0.070 0.080 0.075 24,000
66 80 | mercury Hg 0.05 0.067 0.085 1,600
RT 34 seleEninm Sp nns nns nns 2 nnn

L.Grandel, A. Thorenz Renewable Energy 69 (2014) 157 -166
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Relatore
Note di presentazione
While around 150 mg silver is consumed in the front side metallization, around one third (50 mg) is utilized for rear side solder tabs or bus bars (bb)



Silver and other PV technologies

* Concentrated solar power CSP : systems of mirrors or lenses that concentrate solar light into a small device

» Silver is essential for this technology, since due to its superior light reflectivity characteristics it is the first
choice of material for such mirrors.

Silver requirement for the various concentrated solar power technologies*

Silver content [kg/m?] kg/MW
Fresnel reflector 0.001 13.75
Parabolic trough 0.001 3.75
Solar power tower 0.001 7.57

k=
=
I}
=
I
u;
I
=
=

Photo courtesy of AREVA Solar
S.Binetti RAMSES School, 5-09-2016
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* Renewable Energy 69 (2014) 157
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Silver’ s matter

The cumulative PV capacity
aimed for 2050 exceeds
known silver reserves

100%

90%

Min 3 years
Min5 years
in 10 years
1 s

80%
70%
60%
50%
40%
30%
20%
10%

0%

. . Silver Copper Other
Considering also for CSP
capacities by region in 2030 - —
er er on=-
United| OECD |Ewropean| Other Middle | developing | OECD
5 013 13 001 231 001 002 006 006 010  0.02 0 4
2030 87 6 15 4 29 34 32 52 0.3 2 261
*The International Energy Agency (IEA) Roadmap 2014 2040 174 18 23 1288 103 106 131 * / 664
2050 229 28 28 19 18 186 147 204 9 15 982
Solution

1. reduce the use of Ag (the targetis up to 0.82 g/m?)

2. Silver replacement

3. Develop other PV technologies that do not contain any silver


Relatore
Note di presentazione
Organisation for Economic Co-operation and Development. 
CSP plants concentrate solar rays to heat a fluid, which then directly or indirectly runs a turbine and an electricity generator 
For fingers, a high conductivity is necessary to reduce line resistances of the metal grid and thus optimize the efficiency. Also contact resistance to the emitter plays an important role. Thus a high silver content is unavoidable for the front metallization paste. Bus bars not necessarily need a high silver content for low line resistances [3]


Silver Replacement

*Two metals were chosen as alternative contacting material: nickel and zinc.

Ni is cheap and can make a good contact to Si by means of Ni silicides
-higher specific electrical resistivity than silver: Ni=8.7Q cmand Zn=6.1 QQcm as
compared to Ag = 1.6 Q cm, which makes it necessary to increase the line
conductivity of the fingers in a second printing step for example by Cu paste.

Ni/Cu plating : advantages ;
Stable, low cost, high conductivity

S ot Ag: =600 S/kg
- .I\I
\
I"l.ll'
1 d = 16 ouncas \
\
'

Cu: ~6.8 S/kg

S

S. Kluska et al. Electrical and Mechanical Properties of Plated Ni/Cu Contacts for Si Solar Cells, 5th Metallisation Workshop, 2015. UNSW


Relatore
Note di presentazione
As far as concern Silver replacement several research laboratories and  PV industries are facing this problem


http://www.motechsolar.com/

>21% Cell Efficiency MOTZCH

43 IData corected
40 4 Cell Type nPERT
— Senal Number 0225479
NE 35 4 |Reference reference
u A
E 30 - Cell Area [em®] 23895
E L E1=21.31% o B2 s
> F.F.=0.798 gl P
= 3 " -
w204 Jsc=40.8mAfem” Temp meas. [T] 2666
s - Voc=654mV
= 15 4 Uoc  [v] 0654
= 4 Isc [A&] 9748
= Ump V] 0557
(o 10 4 imp [ 913
= Pmax  [W] 5092
= 5 FF [%] a2
(8] N [%) 21,31
1 Rs [mihm] 207
0 T T T T T T T T T T r T - Rsh  [Ohm] 119
0.0 0.1 0.2 0.3 0.4 0.5 0.6 o7 WELENV 25N
Irevl  [A) at-10.00 0847
Uultag e P‘-’]‘ 2 A at-12.00V 1407

|-V curve of Motech plated n-PERT solar cell
n-PERT (Passivated Emitter, Rear Totally Diffused)

Best cell efficiency with different metallization

Ag/Al paste 20.90 0.801 39.84
Ni/Cu/Sn 21.31 0.798 654 40.80

CC Li, Metallization Workshop, May 2, 2016


Relatore
Note di presentazione
O
Motech Industries Inc. is dedicated to the research, development, and manufacture of high quality solar products and services, ranging from Photovoltaic (PV) cells, PV modules, to PV power systemsn an industrial-type p-PERC (Passivated Emitter and Rear Cell) process, with the addition of a boron diffusion
Headquarter on Tawain


n-type silicon

- No Boron

-Most impurities in silicon as Fe capture electrons
easier than holes.

« Minority carriers specie in
p-type silicon: electrons @

« in n-type silicon: holes

lifetime (ps)

e
e

10’ [Fe]=3.8x 10" cm™
E AAMMAAA A MMM L

2 _
10°f =
i o :
10'E o 4
£ 00 E

[ 0 O ]
10° p-type FZ SiN, =2.8 x 10" cm” ;
F[Fe]=34x10" cm™ (A)’
10 Lol L Lol " Lol N AT
00 100 102 10: 10

=

>

 n-type FZ SiN_ =2.4x 10" cm™]

17

. . -3
Excess carrier concentration (cm )

1000 [
p .
E 100

ke 5

s 10 f——p-iype”

E ------ n-type

8 1 E Nyp=1.5x10"%cm ™

S 0.1 [ generation = 0.1 suns

L ' Auger limit included

1010 101" 1012 1013
Fe. concentration (cm™)

Source: Francesca Ferrazza ENI

In n-type Fe is less active as recombination center


Relatore
Note di presentazione
So, why do we work on n-type material? First n-type material shows no boron-oxigen related light induced degradation which especially CZ material is know for,simply because there is no boron in n-type material. Another reason is the higher tolerance to common immpurities especially iron. As you can see in this Graph from Macdonald the recombination lifetime on n-type material is not affected up to iron concentrations  about 1012 which can be found in mc material. So n-type material has a high potential especially for Cz and mc material.


n-type cell back

SiN, AR coating Front metal grid

AlLO, passivation Ia;.rer./

o~ emitter
n-Si base
n BSF e

7’ 7

510, passivation layer Aluminium

In summary, an exceptionally high conversion efficiency of 23.2% for an
n-type PERL solar cell with a front side B-doped emitter has been
reported. The highest reported efficiencies on n-type material were
22.7% 681 mV on a backside-contact solar cell, 22.7% 702 mV on a rear
emitter PERT solar cell.23 T


Relatore
Note di presentazione
Qualche problema con la diffusione di Boro dal fronte 


Effect of impurities on lifetime
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Recycling process
The amount of waste PV panel is estimated to reach 9.57 million tonnes in 2050 *

Waterial _|Cryst. i

Alframe

glass 60 — 85% «

aluminium 10 — 20 %, 0% | Tempered glass I

polymers 7-10% EVA Anti-reflective

interconnectors  Cu, solder coated m coating film
ca. 1% ] Al coating film

Solar Cells ca.3 %

N .

'

Junction box

PV CYCLE - Recycling of silicon base... =

Il o) oos/226 PV CYCLE achieves 96% recycling rate for silicon based PV
modules

*Bio Intelligence Service (BiolS), Study on photovoltaic panels supplementing the impact assessment for a recast of the WEEE directive — Final report, 2011

EU PROJECT SASIL, Project “Full Recovery End of Life Photovoltaic — FRELP” 58


Relatore
Note di presentazione
A non-for-profit member-based organization, PV CYCLE offers both collective and tailor-made waste management  for PV companies  around the world.
While we were founded with PV modules in mind, our product scope includes many other products such as inverters, batteries, industrial waste or production scrap. Founded in 2007 


Busbar Copper coated with a tin-lead alloys

Metal Weight (%)
Copper 83
Lead 7
Tin 10

Average material distribution of a ¢-Si cell.

E—

~J
Material Weight % Deviation (+20) Vg

a & &
Silicon 96.74 +0.38 I &
T

Silver 1.26 +0.02 -
Aluminum 1.12 +0.21 \
Copper 0.94 +0.03 |
Chromium 0.14 +0.01
Lead 0.10

SOLAR
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CABRISS

Challenge and opportunity of PV waste

252\ | | NEEE®
’ ! A growing wave of PV wastes is expected o
! globally, starting in Europe where PY was <0
! * first installed. PV waste recycling is legally 114 %0 o
! ! regulated only in the EU. ﬁ;"'ﬂ'p r

i1

1))
Q h Ep —Rh

Up to now, PV manufacturers are not c,
systematically using recycled materials. _ feioode

Economic solutions for a high-

m value recycling of all valuable
S materials are urgently needed.




End-of-life panel waste volumes

. . Weibull failure distribution for panels nstalled in 2000 with 30 year lifetime
. The modeling shows that the peak of European end of life 0

waste will occurin 2042 ( ~ independent of the slope factor)

PlE) = 1 —exp—{it — T,0/T,)"]

. The slope factor changes substantially the onset of panel waste =«
. For example, the date estimated for 100 000 tonnes of annual -
waste changes by 5 years according to common slope factors o

R -]

|
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Texturization process

*Reduces the reflection
eincrease the optical path : a solar cell with no light trapping features may
have an optical path length of one device thickness, while a solar cell with

good light trapping may have an optical path length of 50, indicating that
light bounces back and forth within the cell many times.

s S,

Random distributed pyramids : Uniform inverted pyramids:

Mono Si : KOH or NaOH-based : 5% 80°C, 15’  Etching mask on (100) Si (+ I,.=1 mA /cm?)
Poly : HNO, + HF S. Binetti - AVOGADRO COLLOQUIA 2019 - Roma


Relatore
Note di presentazione
Alkaline solution , These pyramids show average size around 10 micron 


Anti-reflection and passivation layer

*The loss by reflection must be reduced
*The surface recombination of photogenerated carriers must be minimized

PECVD deposition of SiNx :

In order to reach the deep blue colour and thereby minimise the reflectance,
a layer thickness of ca. 70 nm is deposited. The dielectric layer has additional
benefits for the solar cell. As the layer is hydrogen (H) rich, the surface and
the bulk is passivated by H, as it attaches to Si dangling bonds.

Xx=70nm
aok Bare silicon
Color blue
i 50 s, o NaOH-etch - 36.0%
—_ %, o acidic etching - 25,4%
= o0l 45 |= ", = NaOH-etch with SiN_ -9,8%
c 40| % M » isotexture witch SIN. - 6.8%
o L I
= . — 35 ‘ .- R, 3
E | Silicon under glass = E%‘% e S 'ﬂ
= o 30 2,
@ % U om, &
« 5 25 N &
[ [ ] LTI T
10 L 9 . -
Silicon under glass with optima e %
antireflection coating of n=2.3 15
- 10
1 1 i 1 1 1 1 1 0
0 400 500 600 700 800 900 1000 1100

04 0.6 0.8 1.0
Wavelength (pm)

wavelength [nm]
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Relatore
Note di presentazione
In order to combat such losses, solar cells are covered with an anti-reflection coating. The coating must be selected so as to 1) reduce reflection over the broad absorption spectrum of silicon and 2) cheap. These two criteria are usually satisfied in commercial modules by putting a single thin layer of a material of an intermediary refractive index, such as silicon nitride (SiN, n=2) between the silicon and air or the slab of glass that covers it. This coating does a good job of significantly reducing the reflection, as qualitatively shown here, although as you can see in that graph, the reflection does not drop to zero and is especially pronounced at shorter wavelengths (i.e. towards the blue). Since blue light is reflected more strongly, the solar cells will effective appear blue in most cases.


Contacts

Conductive paste

Front-contact print

Front contact : screen printing method + annealig @ 100-200 °C (most widely used)
Mesh
- Ag fingers
N opening

b

diameter

Jill

)

Emulsion

Il

Woven

LI TIFIFFIFTFFIT T

> Frame
\

sl

Rear contact fully covered by a Al paste Wafer
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Note di presentazione
Ottimizzazione tra raccolta della corrente e minima ombreggaitura , It consists in translating a layer
of a material in a desired pattern to the surface of the wafer Screen printing o serigrafia Emitter omogeneo: Strato drogato n+ trasparente per ridurre la resistenza di contatto
Griglie metalliche : compromesso tra trasparenza e resistenza serie : strette, spesse e altamente conduttive e con una bassa resistenza di contatto , rispetto al silicio : Argento depositato per screen printing + T di asciugatura 100-200°C 



Pasta di argento in un solvente organico 
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it’s a necessary component in photovoltaic solar cells
in the form of paste used as a conductor.
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' In 2014 this sector accounted for 56% of overall
Silver B 000 FINE demand for the silver.

107.868 SILVER The solar industry alone used at least 70 million
| ' ounces of silver in 2015.

e the average solar panel contains between 15 and 20 g of silver: (10 g /m?)

* solar could equal or exceed the silver volumes previously used in the photographic film industry

LithDSpthE REHti‘lT'E Al?undance J\I:-!I..II"IUBHBE J\I:-!I..II"IUBHBE Production
Rank ¢ Z ¢ | Element # |Symbol ¢ abundancel] $ pmpnrtlgn $ in t:rus: $ in crus? $ in t:rus: $ (2012, _ $
(ppm)!-! (ppm)!-] (ppm)!“ (ppm)!-] tonnes)!
1 8 |oxygen o 460,000 474,000 460,000 467.100 461,000
2 14 |silicon [ Si 277,200 277,100 270,000 276,900 282,000 7,600,000
B5 47 | silver Ag 0.070 0.080 0.075 24 000
E6 80 | mercury Hg 0.05 0.067 0.085 1.600
RT 34 calaninm Se nns nn&s nns 2 nnn

L.Grandel, A. Thorenz Renewable Energy 69 (2014) 157 -166
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Note di presentazione
While around 150 mg silver is consumed in the front side metallization, around one third (50 mg) is utilized for rear side solder tabs or bus bars (bb)



Estimated energy and material consumption for the Epi-Foil process, compared with current state of the art
mono-Si wafer manufacturing process. For the current state-of-art 2.6 t raw metal Si/1.8 t poly-Si is required
to produce 1 t of mono-Si wafers.

FlexiSiFoil

(

-.\

2.6t;11kWh/kg 2.61; 11 kWwh/kg

Raw metal Si
(1-2N)

Large energy investment
87-104 kWh/kg

Raw metal Si
(1-2N)

1.8¢;

1.81;
60 kWh/kg,

60 kWh/kg

High purity Si
(up to 9N)

High purity Si
(up to 9N)

08¢t

1t;
15 kWh/kg mono-5i 18 kwWh/kg mono-Si W

s

1.7¢;
25 kwh/kg mono-5i

Si-kerf-loss (WEIE S EPI Wafers

Large energy wastage
46 kWh/kg

Little energy waostage
< 5 kWh/kg

100% Waste <5% Waste

0.8t
46 kWh

0.1¢;
4-5 kWh




Installed PV Capacity (MW)
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Z = Key role of PV forecasts in all major future energy scenarios 2 B
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Based on current market trends it has been estimated that :
» PV has the potential to meet 15 % EU electricity demand in 2030
» PV can give considerable contribution to the reduction of CO, emissions, since
the carbon footprint of PV systems is up to 65 times lower than that of fossil
fuel-based electricity, with no CO, emissions during operations

4 600 GW of installed PV capacity by 2050 would avoid the
emission of up to 4 gigatonnes (Gt) of CO, annually

United Nations

Climate Change

The COP21’s overarching goal from Paris to reduce greenhouse gas emissions and to
limit the global temperature increase clearly showed that expectations for PV are high,
confirmed by COP25

S. Binetti - AVOGADRO COLLOQUIA 2019 - Roma


Relatore
Note di presentazione
There is a need to design and manufacture PV systems that are both efficient and low cost enough to meet specific grid parity targets within the next few years. The materials supply chain needs to be able to supply sufficient quantities of the required elements, and thus, cost effective recycling solutions should be developed 
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. Silicon constitutes about 26% of the Earth’s crust
S I and it is the second most abundant element in
weight
28.085

Most of the earths’ crust is made up of silica and
miscellaneous silicates associated with aluminium,
magnesium and other elements

Production of silicon : In 2006 the silicon demand for solar surpassed for the first time that for electronics, and
now more than 80% of the 100,000 tons produced by the industry were dedicated to the PV market .
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