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Introduction

The cumulative installed PV capacity in Europe is growing exponentially in this last decade.
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With an estimated lifetime 20-30 years, [12 M tons of EoL PV are expected in 2020.

Expected tonnage 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

of EoL modules Total Europe 710 690 891 1353 1363 2079 5564 12849 13525 19706

The Enormous amount of EoL modules forecasted requires immediate implementation
of a circular PV economy.
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Cabiriss Project

The main vision of the Cabriss project is to develop a circular economy to handle up to 90
% of PV waste (Si, Ag, In, Cu, Glass...).
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Infroduction - Re-Si_PV Chain methodology in CABRISS

Viotivation : Demonstrate the recycling of Silicon from PV waste to PV modules

[ Cells extracted Broken cells or IE_SEF.'
from End of Life doped wafers c:n-l.llmﬂl'ﬂt
madules (emitter wjwo ARC) | 5OUS
|
¥
m Demetallization IEsER
prD CEAES e
Re-Si Feedstock — 1
% SINTEF
Purification -m:1 "

Re-Si ingots/ wafers { l

Re-Si Solar Cells / Modules

IMEC  SINTEF

A. DERBOUZ DRAQUA, June 8th 2017 5 &
HORIZON2020 CAERISS



Re-Si Wafer Qualification Protocol for PV Al-BSF Cell

IMEC
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Firing on T | Fe : £
«Firing) | N
LID Degradation [Fe] As-Cut wafers(Sintor, {W-PCD) Inputs
- _ & [Fe] control | [Fe] gettered and after firing wafers =
w: | 1) Experimeniol Resufts CEA, SOLITEK IMEC CEA IMEC, CEA N
% if} Simulation Result TUV TUV TUV Tuv &—s

Re-Si PV cells Results —

g _ iif} CABRISS Objectives 1?3'17% | q_.‘:-zﬂ% _ q:»_znﬂ.’ _ q};ﬂ%
We propose an overall protocol to qualify Re-Si wafers coming from different ingots &

different Re-Si feedstock and to evaluate their potential in the different solar cell
technologies.
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Re-Si Wafer Qualification Protocol for Al-BSF PV Cell

v Reception of Silicon wafers from Silicon ingots partners

Ingot A Ingot B Ingot C

Monolike Multicrystalline (mc) Multicrystalline (mc)

G2 (755 kg) G1 (710 kg) G1 (710 kg)

100 % Re-Si 24 % Re-Si 100 % Re-Si
Broken Solar Cells Broken Solar Cells As — cut wafers

<0.6Q.cm <2.0Q.cm <2.0Q.cm

Different ingots/wafers have been received from WP3, in term of crystallinity (ML, mc-Si)
and in term of the origin of Re-Si feedstock (as-cut broken wafers, complete and blending
of broken solar cells).

A. DERBOUZ DRAOUA, June 8th 2017 7 s
HORIZON2020 CABRISS



MONOLIKE _ Re-Si

Ingot A ( ML — 100 % broken solar cells)
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Re-Si Wafer Qualification Protocol for Al-BSF PV Cell

v" Metallic element impurities control Ingot A (ML)

Table 1 — GDMS Analysis at different positions along the mono-like SUSI 149 ingot height.

s Wafer Position
Elements Bottom Middle Top
- (ppm/wt) (ppm/wt) (ppm/wt)
» High [B] = low resistivity (measured p B 0.18 0.25 0.21
<04 L.cm) 0.06 0.07 0.16
» Low [P] exept @ top part due to --——
segregation effect <0.01 <0.01 <0.01
Cu <0.01 <0.01 <0.01
Fe <0.05 <0.05 <0.05
Pb <0.005 <0.005 <0.005
Zn <0.01 <0.01 <0.01
Ti <0.005 <0.005 <0.005
Ni <0.01 <0.01 <0.01
Cr <0.005 <0.005 <0.005

» All metal impurities traces remain under the detection limit = which is an encouraging result.
However even lower metal impurities could significantly affect the electrical performances
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Re-Si Wafer Qualification Protocol for Al-BSF PV Cell

v" Evaluation of T behavior of Re-Si wafer during Al-BSF solar cell process

Wafers Preparation LID & [Fe,] Evaluation
OSsPC LID
P = — imitaicl
P Monolike-5i_SUSI143 Z OO Dearadaton @
p:04-060cm 50°C. 0.3 Suns, 24 hours J !
[ Texturization + Cleaning ] | [ }r@t&!@ﬂ% ty Condition *12 hours~ l ] |
| i Qs55C_LIB HPCE_ [Pl
Without Phos. Gettering ‘ ! Eunluation Eualuatian
[As-cut) _ LD Degradation @ J !
a0°C, 0.3 Suns, 24 ho
[ Phosphorus Emitter Remaval ] . - C m s :
[Eum polishing] + Cleaning Obscurity Condition 12 hours
ALD - ALO, (Front / Back) ' :::sjpf;t_l. i
i L T TE ey e
ARC SiN, PECVD (Front / Back) | FIRING B
z | CISSPC LID .
[ . ] Initial Cl
1D Degradation @ !
60%C, 0.3 Suns, 24 hours
i L T =] ._\?_.,I ':"ﬁ:-’:"‘ i
Lifetime, LID, Fe Measurements [ - ———— ] | !
Before and After Firing P

In order to evaluate Re-Si wafers electrical quality, T of (as-cut, P gettered and after firing
wafers), were measured with QssPC and uW-PCD instruments during Al-BSF process.
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Re-Si Wafer Qualification Protocol for Al-BSF PV Cell

v" Evaluation of T behavior of Re-Si wafer during Al-BSF solar cell process for

o  As-Cut A P, Gettering + Firing
> P. Gettering As-Cut + Firing
—
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Wafer number

Ingot A (ML)
100% broken solar cells

» Very low as-cut effective lifetime on the whole ingot, 15 pus maximum

» After phosphorus gettering = improvement by factors 2 to 20 of initial T

> Firing step leads to a good improvement by factor 2 of gettered T . Due to
effective hydrogen passivation and other mechanismes...
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Re-Si Wafer Qualification Protocol for Al-BSF PV Cell

v Evaluation of T behavior of Re-Si wafer during Al-BSF solar cell process for

Ingot A (ML)
100% broken solar cells

Lower T4 @ the bottom and the top
parts are probably due to the
presence of residual impurities
decorating subgrains

Phos, Getterig

Bottom Middle Top

16.2 us
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Multicrystalline Re-Si

Ingot B ( mc — 24 % broken solar cells)

Ingot C ( mc — 100 % as cut broken wafers )
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Re-Si Wafer Qualification Protocol for Al-BSF PV Cell

v Evaluation of T behavior of Re-Si wafer during Al-BSF solar cell process for

( mc —24 % broken solar cells)

B As-Cut

Ingot B
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After phosphorus gettering = improvement by factors > 10 of initial T

* However, (for as-cut and P-diffused wafers), the firing degrades T4 due to probably to a
dissolution of metallic precipitates located at extended degects.
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Re-Si Wafer Qualification Protocol for Al-BSF PV Cell

v Evaluation of T behavior of Re-Si wafer during Al-BSF solar cell process for

( mc - 24 % broken solar cells) ~ ( mc—100 % as cut broken wafers )

Ingot C Ingot B

Bottom ‘ Middle 9 To

As-Cut

Phos, Gettering

Firing

Il R l- S ZDU. B _ 2El|]
The WWPCD mappings confirm the degradation of the gettered wafers after firing step. We have

to notice that this effect will be reduced for solar cell due to the presence of phosphorus

em Itter[l] [1] J. Tan et al, Journal of Applied Physics Letters 91, 043505 (2007)
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Re-Si Wafer Qualification Protocol for Al-BSF PV Cell

v" Evaluation of [Fe] behavior of Re-Si wafer during Al-BSF solar cell process

As-Cut wafers [JJJJ] Gettering step [l Firing step
] As-Cut wafers [l Gettering step [l Firing step

1 14, ‘ 10145 1014g
— O ] Bottom Middle § Top ] Ingot B ] Ingot C
' 13] | ‘ 13 ] 13 ]
£ 1077 § Ingot A 10 10
o 107 i i 107 107
=3 : N N i 113 Z 115
E 1011'5 | | 107 107
< ] ] ]
3 o 4 N %ll %ll
@© ] ] ]
U 109 ' , 1| \ . L ; 109 : 109
0 50 100 150 200 250 300 350 Bottom Middle Top Bottom Middle

Wafers number Wafer Position Wafer Position

(ML-100% broken solar cells) (mc-24% broken solar cells)  (mc-100% as-cut wafers)

The higher the amount of the Re-Si broken solar cells feedstock, the higher [Fe,] content

in as-cut wafers.
AN
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Solar cell fabrication on Re-Si wafers

v’ Al-BSF solar cell process for
(A, B and C) ingots

Texturation + Cleaning

Phosphorus glass Removal ’

ARC coating (SiN)

Front side diffusion barrier

< N++ -emitter

[ 5 um Back side polishing & ]
Cleaning

: p+ BSF & contact
ARC SiNx PECVD front side

Al contact

Full AI-BSF Back side

metallization
Batches of 4 solar cells at different ingots positions

(SUSI149, SUSI150 and Cabriss6) underwent an Al-BSF solar [Ralia =S e ElPZICly

cell fabrication process.
Firing
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Solar cell fabrication on Re-Si wafers

18,2 T T T T T T T
v" Solar cells Results on ingot A 18,0- ]
17,81 _
e $17,64 = .
S o As-Cut A P. Gettering + Firing, > -
/ > P. Gettering As-Cut + Firing ! c 1749 T
) al S
I = . o | |
2 10%48 s, ol £ 17,2
: q) C’? :'.6 A ‘ 1 0 [——
e £ o a . ; 17,01 ]
= N B : '
R | B . 16,8 -
L= o > > . |
| -1 o 101 - . O A : 16,6 T T T T T T T
DS : = l 7 49 95 138 185 228 275
L e o P First wafer number
. © ® ! 650 ; ; ; ; . . .
) ! -
- o o : 645 -
! 8 1074 ! ] ]
{\ t :I T T T T T T T T T T T T T T T " 640~ 7]
L 0 50 100 150 200 250 300 350 o
Sl Wafer number IR E 6351 T
———————————————————————————————————————— - £ ——
S 630- == .
- = -
Good agreement between Characterization 6251 -
Protocol and AI-BSF solar cells on ingot A wafers. 620 ]
615 T T T T T T T
7 49 95 138 185 228 275
First wafer number
:***: A
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Solar cell fabrication on Re-Si wafers

v" Summary of Solar cells results vs. wafers qualification protocol for for (A, B
and C) ingots

Ingot A - Ingot B . Ingot C
p-Al-BSF G52 mono-like G1, mutticrvstalline &1, multicnystaling
Fciuonl Protocol Results 409, Recyle Solar celis || 24% Recyle Solarcells | As-cut broken vafer
. | Botom Migdle lop | Botiom Migdie  Top Bottom  Middle | Top
Metallic elements {ppmiwnt) < detection limit [GDMS] . < detaction limit [GDMS]
Preliminary [0 {(10"7ermd) 3.1 08 0.1
materials Thickness wafers {jm) 165—175 pm 165 = 175 pm 165175 um
evaluations  gesistivity (0.cm) 04 05 | 08 ag | 32 | 24 18 |20 | 2
Hall Mobility_p(cmi s} 278
ALBSF process “ASCut water)(ys) <15 | 131 41 33 160 46 765 640 245 O
steps effect  tP-Gefter) (s} 244 397 167 688 1465 908 98,5 | 61,9 | 569
on
w uFiring) (s} 477 1021 341 | 959 783 630 | 567 374 180
LD [Fe] As-Cut wafers (x10'crr_1300 446 302 294 394 370 e 80 D>

Degradation | [Fe] gettered wafer (x10"%cm) 49 14 | 18 0,2 0.3 1,9 64 | 07 13
& [Fe] control  [Fe] Firing wafer(x10'%cm?) 16 04 | 11 | 15 15 20 4.8 4.0 _ 50

p AL-BSF Solar Gonversion Efficiency (%) 172 | 181 | 174 | 160 | 163 157 @ 17,0 | 171 | 163
Cell Results  Voc (mV) 6283 6416 6304 || 6058 6112 6075 8257 6275 6248

These “material” results are in good agreement with the obtained AI-BSF solar cell efficiencies,
except for ingot B due to an important inhomogeneity of Teff (red zone effect at the edges).

A. DERBOUZ DRAOUA, June 8th 2017 19 &

HORIZON2020 CABRISS



Solar cell fabrication on Re-Si wafers

v" Summary of Solar cells results at production scale (SOLITEK) for (A, B and C)
ingots compared to reference.

Ingot A Ingot B Ingot C
p Al-BSF Solar . G2, mono-like G1, multicrvstalline G1, multicrvstalline
Cell Results Industrial Results 100% Recyle Solar cells | 24% Recyle Solar cells || As-cut broken wafer
Average best Average best Average best
c ion Effici %
@ SOLITEK onversion Efficiency (%) 16,8 17,5 16,2 16,5 17,3 17,6
Vo (mv) 621.0 6300 608.0 6100 625,0 629.0
CABRISS4 CABRISS5
G1, multicrystalline G1, multicrystalline
p AFBSF Solar —ynqustrial Results Si - Reference Si — Reference
Cell Results extended melting time standard
Average best Average best
Conversion Efficiency (%) 17,2 17,5 16,9 17,1
@ SOLITEK
Yog (mv) 627.,0 630,0 625,0 629,0

The first solar cells results from SOLITEK at production scale confirms the possibility to

use such Re-Si wafers in industrial production lines.

AN
&
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Conclusion

" The external gettering effect developed by the P-diffusion step
during Al-BSF process, strongly improves the electrical and
physico-chemical properties of the wafers for each ingot.

" These “material” results are in good agreement with the obtained
Al-BSF solar cell efficiencies

= Abest efficiency of 18.1 % has been reached with Al-BSF solar cell,
based Mono-like silicon material based on 100% broken solar cells
feedstock.

"= The first solar cells results from CEA and SOLITEK at production
scale confirm the possibility to use such feedstock in industrial
production lines.
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Thank you for your attention




