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Motivation for TBC Solar Cells gy
Next phase of production expansion indicates TBC RCT+

solutions

Market Share of Cell Technologies

mPERC B TOPCon mHIT mXBC m BSF

+ Based on same equipment’s as PERC and TOPCon

+ Back contacts — no front side metallization

Enhanced light absorption improves cell efficiency
[1]. & Higher module yield.
. Simplifies the metallization process, as only one
side needs to be processed [2]
I I I I I I I I I I I I I I  Easier to apply low-cost copper metalization
«  TBC structures supports tandem cell

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 . . . .
configurations, enabling future advancements in

WORLD MARKET SHARE (%)

Challenge: solar technology [3]
’ Ad:j/a;é:g%technologles like TOPCon + Adopting advanced passivation methods
an . . . .
Buildi tctories takes t  Lowering recombination losses on both polarity
UI. INg new ractories takes time, surfaces
while solar cell tech lasts only 5-7
years
i HOW tO fUture-pFOOf, enabl.e UpdateS, [1] F.Haase, C. Hollemann, S. Schifer, M. Merkle, M. Rienicker, J. Kriigener, R. Brendel and R. Peibst, "Laser contact openings for local poly-Si-
. metal contacts enabling 26.1%-efficient POLO-IBC solar cells.,” Sol. Energy Mater. Sol. Cells, p. 186:184-193, 2018;.
and deS|gn ada ptabl_e Systemsr) [2] M. K. Mat Desa et al., "Silicon back contact solar cell configuration: A pathway towards higher efficiency,” Renewable and Sustainable Energy
Reviews, vol. Volume 60, pp. 1516-1532, 2016.

[3] Erkan Aydin et al., "Pathways toward commercial perovskite/silicon," Science, no. 383, 2024.
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The RCT Group at a Glance RCT+

solutions

RCT+

solutions

Training & On- . == = ol —

Conceptual & site Installation CESS 1200 CESSL1000 CESS 12000

Detailed

i ) Electrolyser Re-fueling
Engineering RCT Power RCT Power C&l/ staclz station
Financial & Residential Utility Battery 3 o
Business Modeling Batteries & Energy Storage i ._.';a [
inverters ML - ;
\ 5’.7
2012 ~ 100 GW 2015 >15 GWh (5 GWh USA) e
Founded, privately ~ Supporting PV Founded, privately owned Total shipment &E—Jp
owned manufacturing capacity
Gas Hydrogen
26+ 62 20 GWh _ Best Storage Separation Puiificagtion
Countries Factories worldwide production capacity, fully Awarded in Germany System System
automated
Wor_ld's First 76 GW Fully EES manufacturing EU-China-USA Based Made/Engineered Factory Output
Fglly integrated Ingot & Wafer Residential, commercial, utility Battery production & Operations in Germa ny 250MW (Target)
giga-scale factory integration scale (from kWh to MWh] Hydrogen equipment &

installation . . :
engineering service
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Aim and Approach gy
Application of the conceptional engineering approach RCT+

solutions

Technology Process Flow Conceptional Cost of Summary and
Selection Decision Engineering Ownership Outlook
e Baseline e Process Routes * Layout & Room * Equipment CAPEX
Technology e Line Balancing book « Utility, Facility and
e Upgrade « Facility Utility Building CAPEX
Technology Matrix e OPEX
+ Mass & Load . Sensitivity
Balance
 HR-Plan
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Technology Selection

Solar cell efficiency limits & status

RCT+

solutions

Potential & production efficiency for different solar cell technologies

----- Shockley Queisser Limit for Si solar cells (%)

Theoretical Limit (%)

® Avg productionnin 2024

B BestR&D eta*

Upgrade

TBC

45.00%
2o | Baseline —
I PERC + TOPCon
5 36.00%
>
= 33.00%
@
> 30.00% 29.40% 29.40% 29.40% 29.40%
e P G At it et e ettt e a7t ittty o {utufieat Bl At By ONE:
L By?‘l\f Solar . on fullosizd
By Tria M 2658% B 26.90% 27.08¢ :
on G1g@
NN ® 25.10% " By JINKO on 25.30¢
: gg o T fuyllfsize wafer
. ype Cz waler H“J: |
21.00% -] iAo
18.00% ..t

n-type TOPCon
e higher by 0.6-0.7% abs

rct-solutions.com

PVK/Si Tandem
ommercialization
by 2028

afer

s ns B 2730% §yLonei
: ® 25.60%
- -

) full-size HBC gy -

By LONGi
for PVK/SHJ
on small area

W 34.60%

Both-sided TOPCon \SH/ W Perovskite/Si Tandem

© 2025 RCT Solutions GmbH All rights reserved



Technology Selection
Scenarios considered for TBC upgrade route

RCT+

solutions

Case A-0 A-1 A-2 B-0 B-1 B-2 C-0
Baseline PERC TOPCon
Technology PERC 5.0 GW TOPCon 5.5 GW
Reference Reference TBC
50 GW TBC TBC 5GW TBC TBC
End technology 5.6 GW 4.3 GW 5.6 GW 4.8GW R%firg\’l‘vce
Considerations N/A ° Sp.a.c.e o Utilities N/A ° Sp_a.c.e e Utilities
e Utilities e Utilities

* Reference cases for PERC, TOPCon and TBC cell production

« PERC and TOPCon as baseline technology

« PERC was selected, as there are some |IP related risks

* Upgrade to TBC from PERC and from TOPCon

« Each upgrade scenario considers complete utility buildout from the beginning

« Two different cases for each technology combination with and without space provision.

rct-solutions.com

© 2025 RCT Solutions GmbH All rights reserved



Process Flow and Cell Design +,
RCT+
TOPCon to TOPCon Back Contact (TBC) upgrade

solutions
SiOx/p-pol
SN, — ,m—l |
AtO,—W
LPCVD Oxide + i-poly Si PECVD Oxide + p-a Si PECVD Oxide + i-a Si

LPCVD Oxide + i-poly Si PECVD Oxide + n-a Si

c-Si ln] ——

P-Diffusion Annealing [n-poly Si] B-Diffusion Annealing (p-poly Si] ||| Annealing (i-poly Si)
n+ poly Si
. Poly-Si wrap-around Poly-Si wrap-around Poly-Si wrap-around Poly-Si wrap-around B-Diffusion
Si0, _ cleaning cleaning cleaning cleaning
p+ poly Si
ALO,_| Early Adopted Technology Gaining Momentum Standard Technology Under R&D, yet to Poly-Si wrap-around
i be industrialized .
SiNx . cleaning
Ag

Alternative Solution

« TBC requires p-type and n-type poly-Si passivated contacts

For in-situ B-doped a-Si, B-atoms migrate easily towards tunnel-oxide upon annealing, creating defects & leads to
degradation in the passivating quality

* Thereby LPCVD route adopted for TBC by big players already

« Though in R&D, p-poly Si (B) is being developed in PECVD process, but the process window is much more narrow as
compared to n-poly Si (P)

« PECVD equipment from upgrade available "= Ex-situ diffusion of PECVD deposited a-Si is an alternative solution

rct-solutions.com
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Process Flow and Cell Design
More process steps require more space

RCT+

solutions

TOPCon Back Contact (TBC) - OPT A
SDE + Cleaning
Tunnel Oxide + i-Poly Si Deposition (RS) LPCVD F2F
B-Diffusion (RS) [F2F Loading)
Laser Ablation (RS]
p-poly-Si Etching (Ablated part) + Cleaning
Tunnel Oxide + i-poly Si Deposition LPCVD F2F
P-Diffusion (RS) (F2F Loading)
Laser Isolation (to avoid n-and p-doped shunting)
Alkaline Texturization (FS)
ALO, (Both Side)
SiN, ARC (FS) and Capping (RS)
Printing, Firing & Testing

rct-solutions.com

SiN,—3
ﬂlﬂxw

c-5j [FI] E—

n+ poly Si
>

p+ poly 5i
AlO,
SiMx
Ag

SiM,
AlD,
ROV AVAVANVaNo

=5 [n) L4

n+ poly Si

5i0, —
p+ poly Si
ALD,
SiM,
Ag/Cu

1

TOPCon Back Contact (TBC) - OPTB

SDE + Cleaning

Tunnel Oxide + i-poly Si Deposition (PECVD)

P-Diffusion
SiNx Capping layer
Laser Ablation
Tunnel Oxide and n-Poly-Si Dtching + Cleaning
Tunnel Oxide + i-poly Si Deposition (PECVD)
B-Diffusion (BSG Formation)
Local Laser Doping
Alkaline Texturization
B-Diffusion (Gap & FS)
ALOx + SiNx Deposition (BS])

Printing, Firing & Testing
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Conceptional Engineering
More process steps required for TBC

RCT+

solutions

PERC (AX) with - TBC (A1,B1,C0) with (BX)TOPCONwith g 5 gw
Laser Contact Opening S5GW LECO and HE + Cu 5.6 GW _ Homogeneous Emitter
+Selective Emitter (SE) Metallization (HE) and LECO (612)
Batch SDE/TEX 6 - Batch Polish 6 <« Batch SDE/TEX 6
+14tools R @V»] +14 tools
DO . - o« O & dr.in ¢
LS PACLIENN | aser Patterning +12 tools
+6tools  SSE (BSG) 6 <« SSE (BSG) 6
+6tools  Polish and Batch Cleaning 6 < Batch Polish
#30tools RG] #14tools  JEY&VS) 16

POCL3 Diff POCL3 Diff L2Rs-A I POCL3 Diff / or anneal 12

Laser Isolation ) +12 tools

SSE (PSG) > SSE (PSG) 6 <« SSE (PSG) 6
Batch Polish - Batch Texture 6 &« p-Si Wrap-around removal 6
+10tools  [TTYEH 10 €
PECVD AIOx SiNx - PECVD SiNx 20 < PECVD SiNx 20
PECVD SiNx - PECVD SiNx 20 & PECVD SiNx 20
Laser Contact Opening ) - 10 tools
1st Print (RB) 10 -> 1st Print (Fine/DashedMFingers)' 10 < 1st Print (RB) r 10
Fast Firing 10
+10tool  JHSee] 10
2nd Print (RF) " 10 -2 2nd Print (Cu Finger) 10 € 2nd Print (RF) " 10
3rd Print (FB) " 10 >  3rdPrint (Isolation Paste) ~ 10 ¢ 3rd Print (FB) " 10
4th Print (FF) " 10 > 4thPrint (CuBB) " 10 “« 4th Print (FF) " 10
LECO 10
IV+Sorting+Packing z 10 -2 IV+Sorting+Packing ¢ 10 <« IV+Sorting+Packing ¢ 10
Main Tools: 166 +49% Main Tools: 247 +32%  Main Tools: 187

rct-solutions.com

 Upgrade scenario 1 - covers space and
utility provision.

. Extra TBC steps raise CAPEX, labor, and
complexity.

. Most TOPCon tools are reusable.
. Some minor PERC tools will be removed.

«  TBC process flow is still early and
expected to evolve.

PERC (AX) with TBC (A1,B1,C0) with (BX)TOPCONwith g &aw
Laser Contact Opening 5GwW - LECO and HE + Cu 5.6 GW _ Homogeneous Emitter -612
+Selective Emitter (SE) Metallization (HE) and LECO ( )

Main Tools: 166 +49% Main Tools: 247 +32%  Main Tools: 187
Keep for TBC 150 Keep for TBC 187 Keep for TBC

Add. required for TBC a7 Add. required for TEC 60 Add. required for TEC

Not required for TBC -16 Not required for TBC 1] Not required for TBC

spez CAPEX 35.48 +39% SPez CAPEX 49-67 +149 SPez CAPEX 43-59
[m.UsD/GWp] [m.USD/GWp] [m.USD/GWp]

Labour Total 1100-1400 + 13% Labour Total 1300-1600  +5% Labour Total 1200 - 1500
[FTE] [FTE] [FTE]

Area 10-14 +d41% Area 14-19 +15% Area 12-17
[{ha] [ha] [ha]
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Conceptional Engineering-
Layout - Reserve space within each equipment cluster

< Option1 : Separated Reserve Space for Upgrade

« Easier to temporary close or separate (OPEX
reduction of cleanroom or renting out temporarily)

]
O
(4]
o
(9]
(O]
>
[
()]
n
(]
@

AR e R U A Efedtd WA Option 2: Reserve Space Inside the Factory in each

WHHHH Hﬂﬂ HHHHW" 1 Cluster: >

* Piping can be reduced

275000

* Improved material and personnel flow after process

E.g. reserve spacein — ortechnology upgrade

cleanroom for TBC

rade

Option 2 was considered
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Conceptional Engineering- gy
Often Overseen - Utility, Facility and Building Design RCI+
. New technologies > Non-Process Packages Process Packages

often increased CAPEX Civil Process Cooling Water
« Utility and facility Architectural High Side Water

CAPEX are frequently Infrastructure Generation/Chilled Water
underestimated. Waste Water Treatment
- Structural
« E.g. switching gases or
liquids, like from

Rainwater System Waste Gas Treatment

Phosphoroxychlorid General HVAC Bulk Gas Distribution
(POCL3) to Phosphine Sewage Treatment Process Gas Distribution
(PH3), = careful —— Process Chemical Distribution
" . LV Power Distribution
evaluation due to major — DI Water
differences. MV Power Distribution Compressed Dry Air/ Compressed
Lightning System Air

Emergency Power System (DG, Facility Monitoring & Controlling
UPS) System

Clean Room Design
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Cost of Ownership RCTI+
Before and after the Upgrade compared to no Upgrade w I 7
7.0 Summary of Ownership Cost Analysis

e Different lifetime assumed.

5.0

* Calculate ownership costs before and

4.0 after upgrade
3.0 5.7
2.0

References w/o upgrade also included

Lower initial cost for PERC and
TOPCon with utilities only

Cost of Ownership [USDct/Wpl]
rerc I
perc RS

o c | o o o c | o c | o * Include expansion space increasing
% § i e o é - § o upfront cost, but still lower as
S S S reference if longer
Before| After |Before| After |Before| After |Before| After « TBC Upgrade cost I.OWGF, If longer
N/A | N/A | N/A | With Space | W/oSpace | With Space | W/o Space operating can be expected and no

equipment needs to be removed or

b years 7 3+b5years | 3+byears | 3+ byears | 3+ byears repl_aced e.g. TOPCon to TBC
years

Reference PERC --> TBC TOPCon --> xBC

* Key assumptions CoO: Depreciation: Equipment 5 - 7 years — Utilities 10 years — Building 20 years — Western Location — 2000 USD/sgm building cost reference — Cumulative interest 3.8%
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Summary of the Upgrade Scenarios results RCT

solutions

Case Al A2 B1 B2
PERC TOPCon
Start Up Technology 5.0 GW 55 GW
Upgrade Technolo TBC TBC 1BC TBC
P9 9y 5.6 GW 4.3 GW 5.6 GW 4.8 GW
. e Space - e Space -
Provision e Utilities o  Utilities e Utilities o  Utilities
CAPEX [mUSDI 723 + 146 587 + 109 795 + 31 723 + 31
Start + Upgrade
PERC: 4.2 PERC: 4.0 TOPCon: 5.2 TOPCon: 5.0
CoO [USDct/Wp] TBC: 5.5 TBC: 5.8 TBC: 5.3 TBC: 5.5
Removed and added tools -16 tools -46 tools -0 tools -12 tools
for upgrade + 97 tools +72 tools + 60 tools +50
+ Simplest Upgrade options
Result + Competitive TBC cost + Lowest CAPEX Option (no tool removal) : gl(;)r?wereeitﬁteivCeATPOEli(Con and TBC
+ Moderate CAPEX increase + Most competitive TBC Cost P
cost
+ Balanced developer ) Developers Wlth.CAPEX *  Minimal disruptions to » New develop.ers seek
. constraints, hesitant o : market-leading technology
* Long-term cost efficiency . existing production o : : .
Targeted Developer or : adding space for TBC : * Limited confidence in TBC's
: and stable production . lines. :
investor ) expansion . IP landscape, making them
output with low TOPCon : : * Technological .
) *  With low IP Confidence cautious about large-scale
IP Confidence . advantage .
in TOPCon Investments.
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Summary and Outlook

Key Points:

 Technology cycles lasts 5-7 years,
so western factories with longer
setup times should be upgradeable.

«  TBC (TOPCon Back Contact) cells
are likely the next evolution.

*  Various upgrade options differ in
capacity, space, and utility needs.

 Upgrading to TBC requires more
CAPEX and complexity

«  Cost of ownership favors providing
utilities only initially (before upgrade)
but allocating extra space reduces
future costs (after upgrade).

- RCTs recommendation - reserving
space for future upgrades.

+
s

RCT

solutions

Outlook:
Excess space can be also utilized for:

* Debottlenecking: Increase line capacity by debottlenecking.
Changes in throughput requirements of certain process steps
might change.

* Equipment Upgrade: Based on existing solar cell concept
[comparable to selective emitter in PERC / TOPCon cells,
LECO, etc.]

* Innovation platform for equipment builders, initial testing of
next generation solar cell concepts (..pilot line” for next phase
extension)

Changes in Module Design to be addressed - Addressed in
tomorrows 3C0.11.3 “Techno-Economic Analysis of Suitable
Module BOM for Different Climatic Conditions” by Sraisth

TBC comes with higher resource demands - addressed in my
Sesson tomorrow 5C0.4.4 “LCA Learning Curve for Crystalline
Silicon Solar Technologies based on Technology Improvements”

rct-solutions.com
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Thank you to all RCT Solutions colleagues - Join us at Konstanz RCT++

solutions

Gefordert durch:

@ Bundesministerium 2 A @
I flr Wirtschaft ‘ stadtwandel

3
Konstanz fiirs Klima

und Energie 73

aufgrund eines Beschlusses
des Deutschen Bundestages
Project PV Pilot - FKZ 03EE1219 -
T ' KONSTANZ
GEHT DEN

MEHRWEG

Mehrweg nutzen.
Ressourcen sparen.
Abfall reduzieren.
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RCT Solutions GmbH
Line-Eid-Strasse 1
D-78467 Konstanz, Germany

Phone +49 7531 58470 12
Infoldrct-solutions.com
http://www.rct-solutions.com

Regd, HRB 708952,
-+ “Executive Board: Dr.Peter Fath

Confidentidl S A f /A 5o

=+
.~ Thank you 4

°
o W, %% %p % P T o
O A R R T L

Group of companies

RCT~ RCT~ RCT®

solutions power hydrogen
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