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Sustainable Terawatt Scale PV 2022/ TRACO03

Yuchao Zhang!, Sisi Wang'*, Li Wang?!, Zhenyu Sun?, Yuan-Chih Chang?!, Ran Chen?!, Catherine
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“Cloud Looms Over PV’s Silver Lining”

e ~60% increases from 2022

PV consumed 20% of global Ag supply in 2023

Capacity expansion with transition from p-type to n-type
Unsustainable with upcoming TW-scale production
Silver consumption targets for PV industry:

« <5 mg/W for 1 TW annual production (2025/2026)
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[« e}

100

w

Percentage of Global Ag Supply [%]

« <2 mg/W for 3 TW annual production (2030)

| PERC__|TOPCon | SHJ _

Efficiency 23.5%
Ag consumption (mg/W) 5.2-6.5
Sustainable Manufacturing 880 - 1100

Capacity (GW)

Saturday read: Cloud looms over PV’s
silver lining

Should heterojunction solar technologies be temporarily shelved? Could copper plating
replace screen-printed silver conductive surfaces in cells? Why are tandem cells a likely
successor to PERC? Brett Hallam recently sat down with Natalie Filatoff in Sydney to
explain the findings of a new study by the University of New South Wales (UNSW) that
sought to answer these controversial questions.

NOVEMBER 13, 2021
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Industrial Routes for Silver Reduction

Finger wdth / alignmentprecision [um]

Fine-line fingers to reduce finger Ag usage
» Knotless screen, stencil printing, PTP etc.
» Challenges for fine-line fingers

30 -

25

20 -

« Efficiency loss from finger resistance

 Physical limitation from deposition methods
* Processing window / yield in mass production
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Industrial Routes for Silver Reduction

—

- Fine-line fingers to reduce finger Ag usage ’/jﬁaa
» Knotless screen, stencil printing, PTP etc. - A |
» Challenges for fine-line fingers =
New Certified Efficiency !
. . . . . o -.
Efficiency loss from finger reS|-s.tance 02613(!78 ! /g ..
* Physical limitation from deposition methods i .
 Processing window / yield in mass production ‘Sunorive
« Alternative metallization technologies
. Fire-through Ni in PERC?
* Copper platlng 951 (B) da E . I Ag Contacts
. . ) . 9.0 B B Ni Contacts
* Non-silver or silver-lean pastes: Cu, Al, Ni etc. 8> )t B - |
Ag-coated Cu in SHJ High-T fire-through Cu3 TOPCon with Al contact? gs.o- T ! &
- — 5 87_5_ - =
§70- . :
3 6.5 : : :
d) - ! .
& 6.0+ : f S
855- i : : :
S 5.0- ! ? E 1 E
o™ : : '
4.5- ; T '
o a Cu gridline o o E—
e 770 780 790 800
SEM MAG: 1300x HV: 20kV_WD: 12mm Peak Temperature (°C)

[1] V. Unsur. Prog Photovolt Res Appl. 2024;1-9
[2] D. Ourinson et al. Solar Energy Materials and Solar Cells. 266 (2024) 112646 4
[3] A. Ebong et al. Solar Energy Materials and Solar Cells. 265 (2024) 112633




Industrial Routes for Silver Reduction

* Fine-line fingers to reduce finger Ag usage F |
» Knotless screen, stencil printing, PTP etc. ' g?
. == ‘\

» Challenges for fine-line fingers

New Certified Efficiency

26.07%

Commercial Size Silicon Solar Cell

« Efficiency loss from finger resistance

 Physical limitation from deposition methods

* Processing window / yield in mass production
« Alternative metallization technologies

@UNDRIVE

. Fire-through Ni in PERC?
» Copper plating ;

95 (B) e . | P Ag Contacts
. . . . J : ; Ni Contact
* Non-silver or silver-lean pastes: Cu, Al, Ni etc. §9-0 T : "R B i Contacts |
_ _ £85 : | $
» Challenges in contact formation TOPCon with Al contact? & 89 : o ; l :
® 7.5 : : : ok
e : ' = o
g 7-0 = ' : '
3 65- | 5 5
D ' ! '
T 6.0 z s o
Qualitative Al conductivity Nonconductive § 5.5 - i i * ; ; ;
= : : :
k 0 5.0- ' ' '
o ! : :
4.0 ; : l : , : :
770 780 790 800
High contact recombination Peak Temperature (°C)
[1] V. Unsur. Prog Photovolt Res Appl. 2024;1-9 =
[2] D. Ourinson et al. Solar Energy Materials and Solar Cells. 266 (2024) 112646 5 UM%W
[3] A. Ebong et al. Solar Energy Materials and Solar Cells. 265 (2024) 112633



The Silver Bullet Rule to Achieve 5 mg/W and 2 mg/W

* Rule of thumb for silver reduction

15
* Reduce coverage area (e.g., < 1%)
TOPCon 10 § « Reduce print height (e.g., <5 pum)
14 mg/W o))
] E
=10 3 5
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£ i
- (I
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()

= 5 2
03 2
=

0.1

0 0.5 1 1.5 2 2.5 3
Metal Coverage Area (%)

Y. Zhang et al. En. Environ. Sci. 2021
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The Silver Bullet Rule to Achieve 5 mg/W and 2 mg/W

20 uym-wide * Rule of thumb for silver reduction

15
Region 3 _ * Reduce coverage area (e.g., < 1%)
TOPCon Y 10 < * Reduce print height (e.g., <5 pm)
14 mg/W = . . : e
= " g’ « With current finger design and printing:
=210 '_3 g * Region 1: readily achievable
= I B * Region 2: impractical
_<|1__> % « Region 3: require ultra-narrow finger
- )
© % S ¢ Innovation in finger design required
§ 5 9 « Two key approaches identified
o
0.3 >
=

0 0.5 1 1.5 2 2.5 3
Metal Coverage Area (%)

Y. Zhang et al. En. Environ. Sci. 2021
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20 pm-wide

15
Approaches for Ultra-Low Silver Consumption y ™
« Double-printed fingers i;o
» Continuous silver seed layers for contact formation E’
» Extra conductivity from non-silver top layers ;a-“,- :

Silver Consumption (mg/W)

* 5 um-high silver seed = 4.7 mg/W

0 0.5 1 1.5 2 25 3
Metal Coverage Area (%)

4.7 mg/W
24.00 | ~=—5 um height J
¥ 2 o ______________5 __________ Baseline
2 2 R 23.75 |
. V. Unsr: Ni onAg, u o Ag[2] | = O . =5-300cm |
ISC Konstanz: Cu on Ag [1] ) o - N S| ]
>
Q 2325} -
Q2
Q
= 2300 .
Fine-line Ag finger
22.75 Double print with Ag seed layer 1
22.50 =
1 2 3 4 5 6 7 8 9 10 11
Silver Consumption [mg/W]
[1] N. Chen et al. AIP Conf. Proc. 2826, 090001 (2023) B
[2] V. Unsur. Prog Photovolt Res Appl. 2024;1-9 8 Uﬂﬁw



Approaches for Ultra-Low Silver Consumption

« Double-printed fingers
» Continuous silver seed layers for contact formation
« Extra conductivity from non-silver top layers
* 5 um-high silver seed = 4.7 mg/W
« Ultra-lean silver SP fingers [3]
* Isolated silver dashes for contact formation
« Coverage area < 1%
» Finger conductivity solely from non-silver top layers
« Pathways towards 2 mg/W silver consumption

[1] N. Chen et al. AIP Conf. Proc. 2826, 090001 (2023)
[2] V. Unsur. Prog Photovolt Res Appl. 2024;1-9
[3] UNSW WO 2022/174311 A1, priority date 22.02.2021

Efficiency [% ]
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15
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Metal Height (um)
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Metal Coverage Area (%)

2 mg/W

Silver Consumption (mg/W)

4.7 mg/W

n=0 Dol :
Baseline

pnon-silver

Fine-line Ag finger
Double print with Ag seed layer

Double print with Ag dash (10 um print height)
—O— Double print with Ag dash (5 um print height)

=5-30 pQ.cm |

2 3 4 5 6 7 8 9 10

Silver Consumption [mg/W]
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Silver-lean Metallization — Processing Flow

———————————————————————

’ High-T paste oTTTTTTT Low-T paste \ - Tailored processes for different

non-silver paste materials
SP: Ag dashes

SP: Ag dashes « High — temperature pastes:

« Co-fired with Ag dashes
» Aligned with industrial flow

« BUT higher requirements for
paste development
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|  Low —temperature pastes:
! « Additional curing required
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Device |-V Results (In-house Fabrication)

High-T Al finger on Ag dash

* 10-20 mV drop in V5 due to

Al — Ag paste interaction

* 1%
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Ag dash + Al finger

efficiency loss
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Device |-V Results (In-house Fabrication)

720
« High-T Al finger on Ag dash 2 | %2 1o | '
. i |2 7151 s 4
« 10 -20 mV drop in V. due to £ i& |
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Industrial Results 27

 Production at partner facilities *
 Industrial standard equipment §25
& process (incl. LECO) &
« Silver-lean fingers and busbars: g ”
g
« Ag-coated Cu pastes Y
* Pure Cu pastes -
« ~ 26.5% efficiency” with 7 mg/W Ag
* No efficiency loss vs. Ref 84
82
‘:-:3 80
‘% 78
- 76
74

&=

12.6 mg/W 10.1 mg/W 7.0 mg/W

Ag

Ag/Cu I Cu

No Dash

Rear Dash

==

5 *

Ag

AgiCu | cu

No Dash

Rear Dash

* Efficiency measured with industrial |-V testers at partners facilities
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Industrial Results

« Production at partner facilities *
* Industrial standard equipment ;3'325
& process (incl. LECO) &
« Silver-lean fingers and busbars: é ”
* Ag-coated Cu pastes 52
* Pure Cu pastes -
« ~ 26.5% efficiency” with 7 mg/W Ag
* No efficiency loss vs. Ref 84
« Ultra-lean Ag of 2 mg/W achieved
» Potential to reach higher Voc than {2
TOPCons £ w0
» Front-side challenges still exist %
* Finger optical shading E h
 Slight FF loss from R .
« Optimisations ongoing
74

12.6 mg/W 10.1 mg/W 7.0 mg/W 7.5 mg/W 2.0 mg/W
i %. % ‘%}ﬁ ]
- %’ -
L ERN

Ag Ag/Cu I Cu Ag/Cu Cu
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==

5 *

\

»

I

.

] 'J‘L
C

Ag

AgiCu | cu

Ag/Cu
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Front & Rear Dash

* Efficiency measured with industrial |-V testers at partners facilities
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Open-Circuit Voltage (V) [mV]

Short-Circuit Current (l5:) [A]
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Ag) [mg/W]

Silver Consumption (M

Silver Consumption

14 14
[ Frontdash [ Reardash |
12 . [ |Fronttab [ ] Reartab 412
i \ B Finger busbar [ ] Rear busbar |
10 B Front finger [ Rear finger | 1¢
8 18
6 16
4 14
2 12
0 0

Baseline Rear Cu + Ag dash

» Silver lean design on the rear side only
* Drop from 12.5 mg/W to 7 mg/W
» 45% Ag reduction, no efficiency loss compared to reference
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Ag) [mg/W]

Silver Consumption (M

Silver Consumption

14

14
I [ Frontdash [ Reardash |
12 . [ |Fronttab [ ] Reartab 412
i \ B Finger busbar [ ] Rear busbar |
10 B Front finger [ Rear finger | 1¢
8 8
6 6
4 4
2 2
0 0

Baseline Rear Cu + Ag dash F/R Cu + Ag dash

» Silver lean design on the rear side only

* Drop from 12.5 mg/W to 7 mg/W

» 45% Ag reduction, no efficiency loss compared to reference
» Silver lean design on both surfaces

* Only dashes have silver

* Ag down to 2 mg/W

« 84% Ag reduction, working device, optimisation ongoing

« For 3TW p.a. industry savings of up to $30B p.a.

16




Summary

20 pm-wide

15

* Silver is the most pressing material issue for TW scale PV manufacturing - Topczr“‘"’*gm %

- Growing demand with transition from PERC to TOPCon/SHJ = g
« Physical limitations on conventional fine-line fingers § g
* The silver bullet rule to achieve 2 mg/W § 5 g
« UNSW silver-lean dash design 5

« 7 mg/W on rear side (3 45, without losing efficiency 5 &8 1§ dEF B S &
2 mg/W on both sides (} 84,,,.,) demonstrated Metal Coverage Area (%)
Independent of printing capabilities

Scope for efficiency gain with V5. improvements
Potential for $30B p.a. savings for the PV industry

CRIL.. % pson Trinasoa

TALESUN RF0MM o
(%) soLywoon <@ Toyo Aluminium kK. 3 AKCOME

These Projects received funding from the Australian Renewable Energy Agency (ARENA) as part of ARENA's TRAC Program.
The views expressed herein are not necessarily the views of the Australian Government, and the Australian Government does
not accept responsibility for any information or advice contained herein. The work is supported by the Australian Centre for
Advanced Photovoltaics (ACAP) and received funding from the Australian Renewable Energy Agency (ARENA).
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