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Ingot Growth & Wafering
Challenges and Limitations

PV Silicon Value Chain
Polysilicon Production




Si PV Value Chain NEXWAFE |

Universe: 0.1 % Si S"iCOI‘I

Nuclear Fusion: | + Crust: 28 % Si
280 — #Sj + *He

% 2nd most abundant material in

Earth: 17 % Si

various silicate minerals

Core: 7 % Si
-
s*Mining of high purity material

Crystalline Silicon Module Production »Purification and Hydrochlorination

Polvsili ;
olysilicon Production Ingot Production

VAN

PV Module

ssHigh-purity Chlorosilane
s»Polysilicon (Siemens) and

p | Czochralski (Cz) main technology

v
Wafer Slicing

Polysilicon

Chunk
e ‘ \‘& '/ [ | [ SolarCell Conversion .
s R Wil g Q > > PV largest single consumer
Grade Silicon e

3 | Sources: www.nrel.gov/solar/market-research-analysis/solar-manufacturing-cost IBC4EU & EMPOWER Workshop - 2025
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From Quartz to MG-Si

C ”
coal Si0,
: qruart>z> Electrical
K 4 . Energy Input Carbon
s monoxide
g co to scrubber
\\ /,// =
'--..,;tf. Finé silica dust
Solidification f:k,‘z
' i SRR
Si0,+2C>Si+2C0 industial EET
Grade \5{'-‘
Si 99.8% e,«

I
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Carbothermal reduction of silicon

% Raw material: HP-Quartzite (>98 wt% SiO,)
% Reduction agent: Carbon (coke, coal, wood chips)
% Furnace: Submerged Electric Arc Furnace

+» Reaction: SiO, + 2C — Si + 2CO

*

Output: MG-Si (~98-99% purity)

» Next steps: Crushing — Chemical refining — Polysilicon

4
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Polysilicon Production

Distillation Tower

Reaction Furnace

(TCS purification)

Hydrochlorination
Reactor
(Fluidized bed)

MG-Si*,
HCI —

>

.

1
Jr

Crude
TCS*™

U

(CVD reactor)

Pdysilicon

(SN) w

@‘ TCSE©N)

Pure
TCS**

Processing
or Crushing
v
H2 + TCS Etching &
Vent Gas Washing
Recycling v
Plant Cut rod/Chunk

*MG-Si: Metallurgical grade Si, **TCS: Trichlorosilane, SiHCl,

‘ Chlorosilane

Production
(FBR)

HCI

I
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Polysilicon Formation

Purification

“*Raw materials: MG-Si + HCI
“*Hydrochlorination in ~ 300°C
ssSeparate TCS from other Chlorosilanes
ssPurification to 6N (vs. 9N semi)
“*Polysilicon Deposition

+»*Siemens CVD process at ~1100°C

¢ Contender: Fluidized Bed Reactors (FBR)

Final

treatment
(Crushing)

Polysilicon

deposition
(Siemens)

5 | Source: Resources Recycling. 28 February 2022. 3-11
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Ingot Growth NEXWAI:E_

Mono - Czochralski

m/s Std CZ Magn- Cz m/s
. < Process Overview:
’ 0.1
0.2 008 = Polysilicon + Dopants — Melted in quartz crucible.
0.15 0.06 = Seed crystal dipped and slowly pulled upward while rotating.
0.1 0.04 .
% Key Control Parameters:
0.05 0.02
® Thermal gradients and Pulling speed (~1-3 mm/min)
= Control of crystal defects, oxygen incorporation
= Rotation (seed and crucible rotate in opposite directions)
= Control of melt convection and dopant distribution
Three-phase point - % P Free surface u Number Of reChargeS
- s Solid-liquid interface
Superconducting CUSP [ e 2 Iug;:'rni[;el d lines ‘:‘ Cha"enges:
magnets
e} C— Heater . . .
Stailess stee Bousing R = Oxygen incorporation from quartz crucible.
Carbon felt - 1 Molten silicon
Graphite crucible X B siicon erystal = Ingot cooling - Axial Oi variation
Quart: crucible [
N ososmn =  Melt Flows and Dopant segregation coefficients
& v » Axial and Radial Resistivity and Oi Gradients.
Chemical reaction : 5
Si+8i0—2Si A 4 : . . . .
g : = . ' = Avoiding swirl defects and dislocations.

6 | Source: AIP Advances 15, 015103 (2025) - https://doi.org/10.1063/5.0239067 IBC4EU & EMPOWER Workshop - 2025
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Wafering

Cutting Tops and Tails

Squaring

Singulation

I
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Ingot to wafer

% Multiple Process Steps:
= Ingot Squaring: Ingot shaped into pseudo-square blocks.
= Wafer Slicing: Wire saw slicing using (slurry or) diamond wire.
= Cleaning & Edge Rounding: Removal of particles and edge damage.
= Inspection & Sorting: Thickness, resistivity, and defect checks.
% Key Metrics
= Wafer Thickness and TTV: ~120-150 um (typical), trending toward
thinner wafers.
= Kerf Loss: ~30—40% of ingot material lost as silicon dust.

® Yield & Throughput: Limited by mechanical slicing speed and breakage.

% Challenges
= Material Waste: High kerf loss — lower material utilization.
= Defects: Microcracks, contamination, and bowing.

= Thickness and TTV: Cost increase with thinner wafers

7
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Current Challenges

Cz material quality in production

Silicon ingot«— r\ ¥ {\
! ° ‘ ® °

Silicon melt,_ 4 o o

Metal

impurity
alom

Growth

Impuritics concentration

Recharge UNexl iugol\ } Growth

Impurity Accumulation Across Multiple Ingots

® Drives the need of higher cost / quality Quartz crucibles

Non-uniform Material Quality
* Lifetime, Resistivity, Oi, Metal Impurities
* Axial gradients reduce yield of high-quality material

* Radial gradients (ring defects) reduce efficiency

10000

L iﬂgot; 2 8000
| == "Toget7 | g
== ' ingot2 ' E
ingot1 | - - £ 6000
i i -
. g
o = :
A 4; : recharge S 4000
g . ! 3.
LA Y £
raw material | ' AR S
con?tration: ' g 2000
- i 0

Solidified ingot length

I
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—=— Ingot 1
—e— Ingot 2
—&— Ingot 3
—v—Ingot 4

0 20 40 60 80 100

Solidification fraction (%)

Yield and binning in production

8 | Source: Solar Energy Materials & Solar Cells 260 (2023) 112482 - https://doi.org/10.1016/j.solmat.2023.112482
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Current Challenges NEXWAI:E_

Cz material quality in production Resin platg

Wire supply spool

__ Resin board

. ' T | "4"' l SR )
Silicon brick \ w-wmﬂ‘ﬂﬂmw‘““‘w | } r' il

{0 OER OO A Y

i

Coolant spray

[ ] Average Probabilities
Curve fitting
[ Experimental results

v
Wafer
Guide wheel

(S}
1

5.63 pm

S E,‘b‘ T »’_‘. g
‘ L{I'\/‘?a i ‘“(‘)\’Y_V'-ﬁ‘_ ; ire take-up spool

| L Wire web

SO AWl & Y
) ‘X& = N 57 -

= e [ N

Probability of fracture (%)

—_
1

120 130 140 150 160 170
Wafer thickness (um)

High material loss

® Despite very thin diamond wires kerf losses are very high

Limitations to further reduce thickness

Increased process complexity & costs

® Subsurface damage / micro-crack reduce strength

* Increased breakage reduce overall wafering yield and costs

9 | Source: Materials Science in Semiconductor Processing 169 (2024) 107880 - https://doi.org/10.1016/j.mssp.2023.107880 IBC4EU & EMPOWER Workshop - 2025
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Current Challenges NEXWA'FE_

Czochralski (Cz) technology performance has plateaued

p . |
=2
—— -

‘ . - .  CzlIngot . » . .
Chlorosilane Polysilicon Crushing Pulligg Cropping Bricking Sawing Wafer

(S
- -
e

o)
RS

>40% of Silicon High Energy Plateaued on Cost Reduction
Lost in Process Usage and Wafer Quality

Cz/Wafering has High Si Losses, Energy-Intensive, and is Close to Technical and Economic limits

10 | IBC4EU & EMPOWER Workshop - 2025



Next-Gen Wafer Manufacturing EXWAFE

EpiNex® Technology

Chlorosilane

[

Lower resource usage, Lower energy usage Ultra-thin drop-in
90% gas conversion (~1100°C) replacement

NexWafe eliminates 6 Energy Intensive Steps with its direct Gas-to-Wafer Technology

11 | IBC4EU & EMPOWER Workshop - 2025



EpiNex® Technology NEXWAI:E_

EpiNex® manufacturing process overview

Porous Silicon Formation Chlorosilane Gas + Heat EpiNex Wafer EpiNex Wafer EpiNex Wafer
|

"MMW‘ gz T -

Release layer Deposition Detachment Post treatment
formation

® Patented Patented Patented

NexWafe’s added value

Kerfless process grows wafers directly
from silicon in Chlorosilane gas

Enables production of wafers without using
polysilicon or ingots, and no source of
contaminating oxygen

>24% | <100pm

Demonstrated down

60% >50% 3.8ms

>90%

Silicon vield Lower CO, L (5@ Avg. MCLT, well above Cell efficiency using N . L
y emissions () ower costs industry standard EpiNex® wafers to 52um Ability to tailor wafer specification to the
needs of the end use case with a process
compatible with all current wafer formats
Source: Company information.
12 | 1. Compared to manufacturing of Cz wafers in China. IBCAEU & EMPOWER Workshop - 2025

2. Based on estimated US production costs in 2030.



1. Seed Wafer Preparation / Re-use

v

SO R PR Y I PR .

3,155um

e —
B —

=== Per wafer cost at € 0.80 seed wafer price

Per wafer cost at € 0.60 seed wafer price

24 26 28 30 32 34 36 38 40

= Per wafer cost at € 0.70 seed wafer price

=== Per wafer cost at € 0.50 seed wafer price

Cloning seed wafer crystallinity

|
NEXWAFE _

s»Seed Wafer acts as growth template

*»Re-used multiple times

**Minimal material loss in each cycle

**High doping for electro-chemical porosification process

ssEconomical path to flat substrates without DWS marks

Use of standard high throughput PV

equipment ensures low cost with high quality

IBC4EU & EMPOWER Workshop - 2025



2. Porosification / Reorganization Process NEXWAI:E_

Creation of detachment layer

Dual purpose stack

® Separation layer

* Template layer for epitaxy

Process

* Multi-layer electro-chemical etching
* High temperature reorganization in H2
Key IP developed

* Ability to homogeneous full-area porosification with high
throughput

Scalability

* Leveraging standard PV wet-chemical equipment

Control of full area homogeneity enables

multiple re-use of seed wafer and high-
quality growth template

14 | IBC4EU & EMPOWER Workshop - 2025



3. CVD Epitaxial Growth

/@ecursors from Showerhe?\

Gas phase reactions

@ Desorption of
@ volatile surface
\ reaction products
@ Redesorption
Transport ¢ of film o 4
5 ucleation an
\o'surfice Surface POCTISO island growth Step growth

@ diffusion @
AN E g S
% aﬁorgéﬁ?sg: /// Surface reactions /
I precurser, AP0 PPPP 007 5

Heated Substrate (Seed wafer)

| 4

I
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Chemical Vapor Deposition

A\
(A

Inline Prototype o

Reference Reactor

CVD Principle
» Gas-phase precursors (e.g., SiHCI;) react at heated substrate surface.
» Deposition occurs via thermal decomposition and chemical reaction.
Primary chemical reactions

SiCl, + H, - SiHCl3 + HCI

SiHCl3 + H, = SiCl, + HCl

SiCly + H, - Si(s) + HCl

» SiHCl3 + H, — Si(5) + 3HCI

Key Characteristics
» Improved doping / resistivity control

» Lower oxygen and other metal impurities

= No segregation in melt

Gas-phase deposition enables tighter

distribution and higher quality material

IBC4EU & EMPOWER Workshop - 2025



4. Edge definition and Detachment NEXWAI:E_

Damage-free detachment process

Laser-based process ensures
» Precision Edge Control

= Flexibility in wafer geometry.

» Maintains Seed Wafer Integrity

= Enables reuse of seed wafer — cost efficiency.
Dual-vacuum gripper detachment

»  Simple low-cost automation process

Advanced laser processes ensures seed
wafer re-use and flexible production

16 | IBC4EU & EMPOWER Workshop - 2025




. I
5. Post processing NEXWAFE _

Standard industry processes

Porous Silicon residue removal

» Standard wet-chemical processes

= Potential for vertical integration cost reductions
Gettering process
» Standard equipment

= Potentially not needed in High-Temperature cell

architectures

g T

=

Based on industry standard equipment

17 | IBC4EU & EMPOWER Workshop - 2025



Overall Process Properties NEXWAI:E_

Oxygen Content

Minority Carrier Lifetime (MCLT) Efficiency

1E+19 22 42 1 40

— Resistivity by EpiwaferlD

m

E HWIS =Target

“E“lE"lS CZ lower limit 15 @

g £

z _ XXX X * o

= 1E+17 g 10 ¢

g H =

g e : s

§ 16416 | 3

§ 0 L . B, . 8. 8.8, ¥ ¥ X X ‘g‘f
01 2 3 45 6 7 8 9 10 S >

Depth (um)

4 ms average and 6 ms peak 2444% efficiency reached on
MCLT. EpiNex® wafers are well above heterojunction solar cells. Test
2 ms required for high efficiency solar cells also made for tandem and
cells space applications up to M6 size

20-40X lower oxygen content
than Cz wafers

18 | IBC4EU & EMPOWER Workshop - 2025



Overall Process Properties

High thermal stability of EpiNex compared to Cz Wafers

10° ¢ v v S—
; E N Nexwafe
| EPINEeX S m—
« 1 Resistivity = 1 Q-cm
‘: — Thickness = 110+ 10 pm 4
]
E 10 3 3
2 ]
= % 1
o 1
= 4
3 [ =] Australian
o 10° k =5y National \ .
> ] Gy University ]
é * Initial (post-gettering) 3
w * After BBr 1
—— Intrinsic
102 aaal A A a s aaal
10" 10" 10
An (em™)

Effective carrier lifetimes (us)

10°
Thie
10°F \\
Ve,
| Australian N
& National
10° b & 7 University
4 Initial (post-gettering)
After BBr o
Intrinsic
1 02 1 1
1014 1015 10\6

An (cm™)

“EpiNex wafers are the thermally most stable silicon material

| have ever seen.” Prof. Daniel Macdonald - ANU

I
NEXWAFE _

Confirmation that low Oxygen in EpiNex Wafers Improves Thermal Stability

19
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Integration into PV Manufacturing

Performance Metrics industrial HJT line

|
NEXWAFE _

Group CE Isc Voc FF
EpiNex® with SDE 23.99% 10.91A 745.0 mV 80.88%
EpiNex® no SDE 24.06% 10.92 A 745.5 mV 80.94%

Confirmation in that EpiNex Wafers do NOT require SDE Etch, Saving OPEX

20
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Thin solar cells NEXWAlFE_

70um solar cells for space application

BOL & EOL AMO Eff [%] vs. 1 MeV e- Fluence

¢ — NexWafe space wafer

£ HJT modules using 70 um NexWafe wafer demonstrated equal
2 h"% efficiency to standard Cz wafers at lower thickness and weight
§ 12 = :-..___L$ﬁ
= I Launch cost per G12 Wafer"

] | IV-Eff vs. Target cell thickness [pm] & 2 more

— Smooth(Eta_BOL-%) (Cell=Cz) Max 210 . o IV-Eff
+-==Smooth(Eta_EOL-%) (Cell=Cz) | Mean 21347 22071 o IV-Eff
— Smooth(Eta_BOL-%) (Cell=EpiMex) 224
6 ----Sm ooth(Eta_EOL-%) (Cell=EpiMNex)
Bz g gy BOE s Joaqq ZE e 1esis =
1 MeV e- Fluence
22.2
.
=
220 .
X $40
218 S—

Standard NexWafe
Wafer Wafer

No thickness limitation - enables attractive selling prices

21 | IBC4EU & EMPOWER Workshop - 2025




TeChnOIOgy Outlook NEXWAI:E_

NexWafe APCVD Reactor Evolution

2023-2024: ProCon 2.0 2025 ProCon 2.1
Inductive Cold Wall

Reactor X

2026+: ProCon 2.5

Resistive Cold Wall ArcvbD
(50MW)

| Unload
Lock

20|21d -20t_25: gEllgivzaltICh 2015-2021:ProCon 1
nduc ge t° a Resistive Hot Wall
eactor Reactor —

2 meters

Requirements to ensure CVD quality: i Heat Up /
* Thermal homogeneity : ReOrg

* Mechanical stress

+ Particle management
+ Gas flow uniformity

22 | IBC4EU & EMPOWER Workshop - 2025



Development status NEXWA'FE_

New Heating System

(Temperature and Deposition)

Simulation results Experimental results
A 121%x10°% ' 1 \

25_36_2A_A2

128
g
-160 =
E
E g
=
1 | £
1405
e
42
120
v
0 v v 100
0 42 85 128 170
X (mm) psdian 1

25_36_2A_AS

- - 200
o Tk it
?'. v e 3 .
: H 3
1 O 160 =
E 85 48 ’ll ;‘f
i T $ ).
;'w by, 8
N
JH )
0 4

Exceptional temperature uniformity ensures stable reproducible growth with low TTV

23 | IBC4EU & EMPOWER Workshop - 2025



Comercialization

1st Commercial 50 MW Facility in Bitterfeld

n-type wafers for
customer
qualification

p-type wafers for
space applications

Target Schedule

Equipment . Production
to be ordered Ut ETET Start
o ) ® >
Q4 2025 Q4 2026 Q1 2027

Bitterfeld construction site (2024)

I
NEXWAFE _

Validation of new
technologies in
production
environment

Series D targeted for H2
2025 to raise funds to
complete facility

24 |
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Global PV demand growth NEXWALE_

Terrestrial and Si-PV Space Market growing at Double Digit CAGRs

Solar Market in Space Solar Market on Earth
Market size in MW Global electricity in Million TWh
HAPS JLEO [ solar Other renewables [l Non renewables
275
235
202
+36% CAGR 26 79
290
1% Solar CAGR 4 S8
119 share
59 i I

2025 2026 2027 2028 2029 2030 2025 2030 2035 2040 2045 2050

>€30Bn p.a. global wafer market 2030

>€250M p.a. global wafer market 2030

25 |
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Scaling to GW through Strategic Partnerships

From 50 MW to Multi-GW

@ 50 MW
Space Facility

|
NEXWAFE _

@ Capex light GW
international growth

85 GW
El 436w =
i A
Commercial E L =
Plants roll-out
1 5 GW ——
® . 50 MW —— —— -
Start of Production 2027 2028 2029 2030 2031

Model Fully Owned

Status Construction started, supply

chain and offtake fully in place

< Strategic Partnership >

6 GW strategic Additional Strategic agreement Further
agreement signed facilities in India with Aramco in international
with Reliance and US the Middle East expansion

2 GW facility
in France currently
under evaluation

US GTM launched, offtake in
place, Strategic partnership
discussion ongoing

26 | Source: NexWafe internal calculations / projections
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Roadmap

EpiNex®
Wafer

Commercially proven Wi
-~y

Drop-in
Replacement

Proven on
commercial line at

REC
Tested with our
partners

INSTITUT NATIONAL

~ Fraunhofer
= CsSem

Confirmed radiation re

Flexible thickness with

th >24% efficiency »

¢ efficiencies th

I
NEXWAFE _

rough...

sistance for space use

down to 52 pym thin

wafers already produced

Improved thermal stability through low

oxygen content

ighe
ercial proven . o
o 4 |
T i 2028
| 2027
2026 Tandem cells
engineered wafer

Process maturity
for all wafer sizes
in mass production

Thinner wafers
(space)

Better temperature
stability

Very low oxygen

Cell technology
optimized wafers

Tailored resistivity

Doping gradients

Very low metal
impurities

Perovskite ready

Smoother surfaces

Liquid processing
of tandem layers

27 |
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il ]
Redeflnlng Energy 11] Space and on Earth.
Ready tO Scale.

Giuliano Vescovi
Sr. Director — Future Technology

Funded by
the European Union

This project has received funding from the European Union’s Horizon Europe research and innovation program under
grant agreement No 101172767 and the Swiss State Secretariat for Education, Research and Innovation (SERI).

NexWafe GmbH
Hans-Bunte-Strasse 19
79108 Freiburg im Breisgau
Germany

Vi

|
www.nexwafe.com



	General
	Slide 1: Advancing the PV Silicon Value Chain: From Quartz to Epitaxial Wafers 
	Slide 2: Agenda
	Slide 3: Si PV Value Chain
	Slide 4: From Quartz to MG-Si
	Slide 5: Polysilicon Production
	Slide 6: Ingot Growth
	Slide 7: Wafering
	Slide 8: Current Challenges
	Slide 9: Current Challenges
	Slide 10: Current Challenges
	Slide 11: Next-Gen Wafer Manufacturing
	Slide 12: EpiNex® Technology
	Slide 13: 1. Seed Wafer Preparation / Re-use
	Slide 14: 2. Porosification / Reorganization Process
	Slide 15: 3. CVD Epitaxial Growth
	Slide 16: 4. Edge definition and Detachment
	Slide 17: 5. Post processing
	Slide 18: Overall Process Properties
	Slide 19: Overall Process Properties
	Slide 20: Integration into PV Manufacturing
	Slide 21: Thin solar cells
	Slide 22: Technology Outlook
	Slide 23: Development status
	Slide 24: Comercialization
	Slide 25: Global PV demand growth
	Slide 26: Scaling to GW through Strategic Partnerships
	Slide 27: Roadmap
	Slide 28
	Slide 29


