BC Workshop 2025, Delft
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Status update on POLO IBC solar
cells with glass shadow masks and
perspectives beyond
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Centazzo®

'Institute for Solar Energy Research Hamelin (ISFH), Germany
2Leibniz Universitat Hannover, Germany
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4Kalyon PV, Tlrkiye
SEnPV, Germany




POLO IBC process flow with shadow mask — ISFH

/AN \ANAAAAAAN
_ Texture & .
p-type Si rear polish Laser contact opening
/NN
PECVD _ Ag and Al screen print
__________________________________________________ /n-a-Si & firing
[EEEEEEEEEE EESEEEREREERERRERRERREER EEEEREEEEE W/ ShadOW maSk
& Anneal
/AN \ANAAAAAAN
AlO /SiN «  Very lean POLO IBC process flow by ISFH'2
AREEERREEEE iANEENARNEEERRNEEERRN N SEEEEEEEEEE bOth Sides
[1] T. Dullweber et al., 8 WCPEC (2022), p. 35 - 39 2

[2] V. Mertens et al., 40t EUPVSEC (2023), p. 020015



POLO IBC process flow with shadow mask — ISFH

/ \ I\ AN\ A\AANAAN

Texture &

rear polish , Laser contact opening
/N '\N\NNANAA

PECVD : Ag and Al screen print

/n-a-Si & firing

w/ shadow mask

& Anneal

AlO,/SIiN «  Very lean POLO IBC process flow by ISFH"2

both sides

[1] T. Dullweber et al., 8" WCPEC (2022), p. 35 - 39 3
[2] V. Mertens et al., 40" EUPVSEC (2023), p. 020015




POLO IBC process flow with shadow mask & kaiyon-v: = == ISFH

Texture &
rear polish

PECVD
/n-a-Si
w/ shadow mask

& Anneal

AlO,/SIiN «  Very lean POLO IBC process flow by ISFH"2
both sides « Technology cooperation started with Kalyon PV

[1] T. Dullweber et al., 8" WCPEC (2022), p. 35 - 39 4
[2] V. Mertens et al., 40" EUPVSEC (2023), p. 020015




PERC+ VS. POLO IBC — ISFH

28 + 22 fA/cm?

Ag
SiNy
Emitter

p-type Si

_._._

ISiN,
Al-BSF
A

/ n-poly-Si
Al-BSF
Ag /Al

3 fA/cm?

V., = 697/690 mV 733 /716 mV
simulated / measured @ ISFH simulated / measured @ ISFH

n = 23.7/23.4% 25.5/23.9%
simulated / measured @ ISFH simulated / measured @ ISFH

Ga wafer resistivity p=0.4-0.8 Q cm ?

C. N. Kruse et al, Scientific Reports 11 (2021) 996
T. Dullweber et al., SOLMAT 212 (2020) 110586

/it ] Leibniz
5 i 0j £ Universitit
to o' 4 | Hannover

C. N. Kruse et al, Scientific Reports 11 (2021) 996




POLO IBC Quokka 3 simulations 5} norsun — — ISFH

240 z{r;;?‘\__ - Reference: 23.9% POLO IBC cell with
235F J Simulation 0.8 Q cm Ga wafer measured at ISFH
% 23,o§  Quokka 3:
220 - POLO IBC input parameters from [1]
220F
' Thu VS- p @assumes B-doped wafers
after regeneration?3
”; wsh | - Best POLO IBC efficiencies above 24%
E s0f | for wafer resistivity around 1.5 Q cm
e 39,52— * Norsun and Kalyon did grow Ga ingots
390F | 1 Erm - : with 0.7 —4.8 Q cm
S ——— Cz Ingot at Kalyon PV

Wafer resistivity p (€2cm) [1] V. Mertens et al., Sol. RRL 8 (2024) 23009196]

[2] D. C. Walter et al., Progr. Photovolt. Res. Appl. 24 (2016) 10 | Leibniz
[3]N. E. Grant et al., Sol. RRL 5 (2021) 2000754 6




POLO IBC lifetime precursors

3000

1000

m) Ga Cz wafers and industrial surface passivation support 25.5% POLO IBC potential
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7.5 INCcreases linearly with p up to 3.0 ms

Implied efficiency in =iV, % iIFF x J_,
=740 mV x 86% % 42 mA/cm?
=26.7%

T. Dullweber et al., 415t EUPVSEC (2024), p. 020008

IFF (%)
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POLO IBC lifetime precursors

IIIII |lIll|lIII|lIII|IlII|II LI I B |
3000 F ®
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Wafer resistivity p (Q2cm)

Wafer resistivity o (QQcm)

* tgiNncreases linearly with pup to 3.0 ms

« Implied efficiency in =iV, % iFF x J

m) Ga Cz wafers and industrial surface passivation support 25.5% POLO IBC potential8 .

=740 mV x 86% % 42 mA/cm?

=26.7%

T. Dullweber et al., 415t EUPVSEC (2024), p. 020008
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POLO IBC solar cell results ) Norsun & katyon.»v: 4= == ISFH

PAPAPAPAINAIAIAAIAAIMIA AR S N

:"";/'_A'.'ﬁl;\'\"'l"'l"'l":_llllll/él.lrlI""I""’Ir"'l"_ AIOK
S 4 I« N -Si
24,0 \ , 720 p-Si
; A Best Ce“\.\*\\, I/ : interfacial SiO,
CmsEy smuion” ¥ 4% o, 1 WPECVD n-poly-Si
2 - '|° ee s Pege _°° : E Al-p
T mof Eealg . TNt ey | 3
S yg] ® Norsunif /l ‘o ..0: 1710 >
2 0% ] .
ol | . N i " . 170 « J,.and FF trends similar to Quokka 3
T TTCUUNE. (Y P TEU T TIITITT, simulation
415 //'/”{ I 388 L
E I L I + Best POLO IBC efficiencies for
— 410F A 8l: %\ :
= r 4 8 E "e 3B =
S 405F | wg o ¥ \, - 1 Qcm < p<2 Qcm
E F o’c:'?ﬂ.: s \\ 380 U\‘-_’
C ) ] Jr 7 . .
= OOF eL 3‘. o T3 $e s i & « 7 gap to best cell and simulations due to
) C 1F [ ] ] . . .
L i TR P much lower J... AIO,/SiN blistering alloys
90 | I 177 Al ,ghost" contacts ?

Wafer resistivity p (QQcm) Wafer resistivity p (QQcm) 10 [ Leioniz
9
tog! 4 Hannover

T. Dullweber et al., 41st EUPVSEC (2024), p. 020008




POLO IBC solar cell results ) Norsun & katyon.»v: 4= == ISFH

PAPAPAPAINAIAIAAIAAIMIA AR S N

[ "/** -.----.-r--|-u:_....|..-7.|....|....’|r---|--- AIOK
24,0 | BQ \0\ IF Q/O 1720 p-Si
; — R : interfacial SiO,
- 23,5;. L s diae L s wpem r-poly-Si
E 20} f .3'{ 3 }lli e .. .3 1 E Al-p
o E n i€ | oN . 3
= S yg: ® Norsunif /l Tt .:0: 1710 >
> F " % I : o
yo0 | | «T ° i } . 170 . J;c and_FF trends similar to Quokka 3
PP B SN R EE BRI ST S | PR SRR AT ST APEPE ST AP SImU|at|On
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T. Dullweber et al., 41st EUPVSEC (2024), p. 020008




LeTID at 80 °C, 0.5 suns with POLO IBC test wafers and cells

— ISFH

_~PECVD-AIO,/ SiN,
AN NN
4000 Y—rrrm—rrrrm— e /interfacial oxide/
i lllumination at 80 °C, 0.5 suns] / _
- . s PO O
3000 | . - ~ PECVD-AIO,/ SiN,
B ol s S * Effective LeTID defect concentration calculated as
a [ 13 LkAL*t—A s :
£ at s ] 1
R S . Ni(t) = L — =
e e e | i =565
i An=10" cm?] . .
R * N, does not dependent on Ga doping concentration
5[ ]
.k f\ ; * Confirms hypothesis of recent publication! now with more
— = ?] s
o | v E statistics 2
v 3r /‘/T//"t ]
\9 N A Ay 1 =] “ . .
S o2f /;‘;,;r;’ i * LeTID of POLO IBC cells relatively small (<4% relative) 2
L /‘g o
[ ~ ]
o i 3 .
e ] * LeTID could be further reduced by lower firing cool down rate?3
» ]
° -‘0% 10 10° 10! 102

lllumination time £ (h)

[1] F. Maischner et al, SOLMAT 260 (2023) 112451
[2] T. Dullweber et al., 41t EUPVSEC (2024), p. 020008
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POLO IBC efficiency roadmap to 25%

23.9%: best POLO IBC caell
+ 0.5%: reducing Ag to n-poly Rc
+ 0.3%: reducing LCO area and J 5 gsr

+ 0.3%: optimized BB and Pad design

25.0% near-term efficiency potential

ISFH

n-Poly contact res. 4
LCO contact fraction
bulk lifetime 4

Front reco. 4

LCO contact reco. -
LCO contact res. |
Synergy Recombination A
bulk resistivity -
n-Poly reco. 4

n-Poly contact reco. -
Synergy Transport -
n-Poly sheet res. 4
Synergy Optics A
Synergy Groups 1

reference cell:

Voc = 0.724 V

Jsc = 40.56 mA/cm2

FF = 81.02 %

Eta = 23.79 %

Rs-loss = 0.782 Ohmcm?2

optimized cell:
Voc = 0.733 V
Jsc = 41.52 mA/cm2
FF =82.83 %
Eta = 25.22 %

I Synergies

I optimizing recombination losses
Il optimizing transport losses

0.1 0.2

o]
o

0.3 0.4

Efficiency gain [%-abs]

m) Recombination at LCO AI-BSF contact limits POLO IBC efficiency < 25.5%

V. Mertens et al., Sol. RRL 8 (2024) 23009196

It
12
0o 4

0.5

Leibniz
Universitit
Hannover




POLO? IBC efficiency potential > 26% — ISFH

23.9%: best POLO IBC cell ~”VNV WV YVAAAAA
+ 0.5%: reducing Ag to n-poly Rc POLO IBC P-type -
+ 0.3%: reducing LCO area and J 5 gsr w
+ 0.3%: optimized BB and Pad design ‘
VAN NAAA
POLO? IBC P-type or n-type
25.0% near-term efficiency potential z Bk

m) Recombination at LCO AI-BSF contact limits POLO IBC efficiency < 25.5%
m) For > 26%, Al-BSF contact to be replaced by passivating SiO,/p-poly-Si contact => POLO?2 IBC




Industrial passivating SiO,/p-poly-Si contact EnPV E ISFH

v i

260

g 240 Ea] ll
.5_“: 220 | *  Wet chemical oxide deposited in
= fgz ‘l industrial wet bench
ié 160 ¢ . M chem. oxide f. “'
_;3 140 F 4 therm. oxide 1
> :' therm. oxide 2 * In-situ boron-doped p-poly-Si
800 820 840 860 880 900 920 deposited in industrial LPCVD tool
annealing temperature T [°C]
20
PR 2
$ s s * Best Jj,pon, = 2.3 fA/cm= for
.;? o ! ] RSheet - 160 leq
£ il
E s
= .l A
@
0

800 820 840 860 880 900 920
annealing temperature T [°C]

f { | Leibniz
14 i o) 2| Universitit
to o' 4 | Hannover

E. Hoffmann et al., 41st EUPVSEC (2024), p. 020020



Industrial passivating SiO,/p-poly-Si contact EnPV — ISFH

260 p
) Fa) nl
Z 240 F
QJ 220 | « Wet chemical oxide deposited in
= 20 ﬁl industrial wet bench
j_é 160 . M chem. oxide *. .ﬁ.
_;3 140 - therm. oxide 1
EE _' therm. oxide 2 * In-situ boron-doped p-poly-Si
800 820 840 860 880 900 920 deposited in industrial LPCVD tool
annealing temperature T [°C]
'_2{) b)
S s « BestJ,, ., = 2.3 fA/cm? for
< 1o .!' e Rheet = 160 Q/sq
3 i %!
£
5 35
5 s,
E " «  Optimized p-poly recipe with

800 820 840 860 830 900 920 reduced spread 4 £ 0.5 fA/cm?

annealing temperature T [°C]

f { | Leibniz
15 i 01 2 | Universitat
to o' 4 | Hannover

E. Hoffmann et al., 41st EUPVSEC (2024), p. 020020



SABC cell development with EnPV - EnPV == |SFH

. SiNx 2. interf. SiOx
= A1Ox =% p-type poly-Si (emitter)
== front floating emitter  **¥ n-type poly-Si (base
n-type silicon base contact)
1. interf. SiOx ww clectrodes

E. Hoffmann et al., 41st EUPVSEC (2024), p. 020020

Novel Self Aligned IBC cell design ,SABC" by EnPV
jointly developed at ISFH

SiO,/p-poly-Si deposition see previous slide

SABC design utilizes undercut from chemical etching
to separate sputtered n-poly layer polarities

First SABC cell protoype obtains 20.2% efficiency
which is subject to continuous improvement

EnPV targets SABC commercialization with
industrial partners




Industrial POLO? IBC solar cell development at ISFH — |ISFH

* In 2018, ISFH developed a 26.1% lab-type POLO? IBC cell
with poly-Si layer doping by ion implantation’

«  Now, ISFH starts to develop an industrial POLO? IBC
process flow including

* Full-area SiO,/p-poly-Si deposition, see previous slide
* Full-area SiO,/n-poly-Si deposition (LPCVD or PECVD)
« Laser-structuring and etching of both poly-Si layers

* Patent pending

First test structure and IBC cell results very promising

Industry partners are welcome to join us'!

'F. Haase et al., Sol. Energy Mat. Sol. Cells 186 (2018),pp. 184—193



ISFH SolarTeC: Replacing old M2 wafer size tools with new -\
state-of-the-art M10 tools S =

* Funding provided by
State of Lower Saxony and
Federal Ministry of Economics

Status 2024: Up to 15 years old tools for M2 Rebuilding till 2026: New tools for > M10 wafer size
® Inline and Batch Wet Chemistry from 2011, M2 ® Inline and Batch Wet Chemistry: New, > M10
® Diffusion Furnace from 2010, M2 ® Diffusion Furnace : New, > M10
®* LPCVD Furnace from 2015, M2 ®* LPCVD Furnace: New, > M10
®* PECVD from 2022, M2 - G12 ®* PECVD : New Graphite boats, > M10
® Screen Printing from 2016, M2 ® Screen Printing : New, > M10
Throughput ca. 100 Wafer / h Throughput > 300 Wafer / h

/it ] Leibniz
18 i 0 2 Universitit



Summary

* Calculated POLO IBC implied efficiency in =iV, % iFF x J.. = 26.7%
* Best POLO IBC efficiencies for 1.0 Qcm < p< 2.0 Qcm

* Best POLO IBC cell presently with 23.9%. 25% efficient POLO IBC cells
targeted by optimizing Ag and Al metallization

* Maximum LeTID of POLO IBC cells < 4%rel. LeTID N, does not depend on
Ga doping concentration

* In-situ doped LPCVD p-poly passivating contact with J;, , ., = 2.3 fA/cm?
* Two different industrial POLO? IBC cell designs in development at ISFH
* From 2026, POLO? IBC cells on M10 wafer size at ISFH SolarTeC

1 [%]

240 |
235F
230 |
225

220F

]

at. curr. den. Jo, [fA/em
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