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Background and Motivation
Rapid growth of the PV Industry — Risk and Challenges

FIGURE 4 WORLD ANNUAL SOLAR PV MARKET SCENARIOS 2024-2028

Rapid growth of PV:
= Installed capacity 2023: 447 GW ;'
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Background and Motivation
Rapid growth of the PV Industry — Risk and Challenges

Rapid growth of PV: Historical Projection
_ . . 1 [ 117w, , by 2030
Installed capacity 2023: 447 GW,, 100 | 3TW, . by 2030 100
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= Rising demand for scarce material (Ag, Bi, In...)
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Development of global silver consumption until 2030 with a projected
yearly increase of 1 or 3 TW/year?
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Background and Motivation
Rapid growth of the PV Industry — Risk and Challenges
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Rapid growth of PV: " ] ToPCon

* Installed capacity 2023: 447 GW,)' O .S
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Risk and Challenge: 12 + co,‘,’;{f’,ﬂLﬁS,,
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= Rising demand for scarce material (Ag, Bi, In...)
= Most critical resource: Silver usage in metallization
= Today: 5 mg/W (PERC) — 17 mg/W (SHJ) Ag is used*
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Silver Consumption (mg/W)

5 mg/W target._
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Finger Width (um)

Calculated silver consumption as a function of printed width of ag fingers in
industrial screen-printed PERC, TOPCon and SHJ solar cells. Solid lines
show the total silver consumption in the finger, busbar and soldering tab
regions, and dash lines show finger silver consumption only #
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Background and Motivation
Rapid growth of the PV Industry — Risk and Challenges

Rapid growth of PV: | !-listo'rical I | Projelction' ’
. 1 TW, , by 2030 3TW,p, by 2030

= Installed capacity 2023: 447 GW..' 100 Lhee 1 TW,p, by 2030 | |° " Tea VI 7 <1100
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Risk and Challenge: [ |-~~~ 100% SHJ g
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= Rising demand for scarce material (Ag, Bi, In...) ' AT '
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= Most critical resource: Silver usage in metallization
= Today: 5 mg/W (PERC) — 17 mg/W (SHJ) Ag is used*
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Development of global silver consumption until 2030 with a projected
yearly increase of 1 or 3 TW/year?
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Background and Motivation
Rapid growth of the PV Industry — Risk and Challenges
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- [ |PERC
Rapid growth of PV: [ 1 ToPcon
= Installed capacity 2023: 447 GW, % or Ak
S 14 F
. c ; Cc A
Risk and Challenge: 2 12p co,‘,’;{j’,ﬂ}mf;’n
= Rising demand for scarce material (Ag, Bi, In...) g L)
= Most critical resource: Silver usage in metallization <§ °l
4 6
= Today: 5 mg/W (PERC) — 17 mg/W (SHJ) Ag is used* & ( e
= Sustainable TW production: reducing Ag usage to , [ ‘
5 or even 2 mg/W >7 . ©\_2mg/W target;

=>Silver has to be reduced or replaced!
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Calculated silver consumption as a function of printed width of ag fingers in
industrial screen-printed PERC, TOPCon and SHJ solar cells. Solid lines
show the total silver consumption in the finger, busbar and soldering tab
regions, and dash lines show finger silver consumption only*
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Ag and AgCu LT-Paste Screening
Testlayout

Ag/Cuor Agwy =

8
©Fraunhofer ISE ~ Fraunhofer

ISE

\



Ag and AgCu LT-Paste Screening

= Low temperature pastes (LTP) based on silver (Aqg) or silver-coated copper (AgCu) particles

[#SHJ precursors| 10 ] 10 ] 10 [ 10 ] 10 [ 10 [ 10 J 10 [ 10 J 10 ] 10 [ 10 J 10 [ 10 [ 10 J 10 ] 10 [ 10 ] 10 | 10 ]
[ Preparation | Randomize & Label ]
: | Finger | Reference FS screen and Ag paste | | ]
S B 5BB print | ]
/ﬁ[ #20 } Ag I Ag I Ag I Ag I Ag I Ag I Ag I Ag I Ag I Ag I Ag Ag Ag AgCuIAgCuIAgCuIAgCuIAgCuIAgCuIAgCu}
pastes 01 02 | 03 | 04 | 05 | 06 | 07 | 08 | 09 10 | 11 12 13 | 1 2 3 4 5 6 7
:'2 520x11 wy = 18-27 pm 430x13 wy = 30-45 pm
(BB ][ | 5BB print | Curing 220°C, 1.5 min ]
( Char ][ 5BB Ry ]
L LEXT: w; A, TLM: p, )
. : M el

= Balance - laydown M for each paste & screen combination W\ H o

B aSincSiHN)

B 5-Si/nc-SiH(p)

WV LY
c-Si
9

[
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Ag and AgCu LT-Paste Screening

R LINE

30 4

]
o

R S W —

log(Ryne) [€2/em]

W B O~ oM

2 ]

N

wpy [um]

24

30

Mesh

520x11

440x13

Paste| 1 |23 |4[5]6|7[8]9][10]1

12|13

1|2|3|4|5|6|7

Type

Ag

AgCu

= Most Ag pastes: good R,z for w,, =21 um
= Not all AgCu are compatible with
= AgCu4/5 and Ag7/10 w,, = 24 pm at R, e ~ 2 Q/cm
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Ag and AgCu LT-Paste Screening

R LINE

30_ | | | | | | | | | | | | |

/iy

R S W —

log(Ryne) [€2/em]

W B O~ oM

3 & &
O &

N

wpy [Mm] 24

30

Mesh 520x11

440x13

Paste| 1 |2 |3 |4[5]6|7]8]9[10]11][12]13

1|2|3|4|5|6|7

Type Ag

AgCu

= Most Ag pastes: good R,z for
= Not all AgCu are compatible with

= AgCu4/5 and Ag7/10 w,, = 24 pm at R, e ~ 2 Q/cm

1N
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Effective Silver Usage?:

A = i
ESU
Riing - Mag F

" Mag,r/ I is estimated from M scaled with A,

8K. Gensowski et al. https://doi.org/10.1016/j.s0lmat.2022.111871
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Ag and AgCu LT-Paste Screening

Rineand Aggy

30:I 1 I I I I I 1 I I I I 1 I I I I
=
— 15
§ 12
g 10
g
g, -
= == /\
2 (= (=)
N N—
wpy [Mm] 24 30
Mesh 520x11 440x13
Paste| 1 |23 |4[5]|6|7[8]9ftof11]|2]13]1]{2]3][4]5]6]7
Type Ag AgCu

= Most Ag pastes: good R,z for
= Not all AgCu are compatible with

= AgCu4/5 and Ag7/10 w,, = 24 pm at R, e ~ 2 Q/cm
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60 E I I I I I I I I I I I I I I I I | 1 I I
D5 Pt
E /
9;«40
n %23
&30 3 /
qEL20 M £ =
P EIE% =
210 3 g
<3 -
0 .
wpy [um] 24 30
Mesh 520x11 440x13
Paste| 1[2]3|4|5|6|7|8|9[10]11|12[13 2345
Type Ag AgCu

= Effective silver usage A 8 calculated on basis of
laydown M and finger cross-section A,
= AgCu5: Cu @& + R\ W lead to A, = 56 cm?/(Q mQ)

8K. Gensowski et al. https://doi.org/10.1016/j.s0lmat.2022.111871
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Ag and AgCu LT-Paste Screening

Rineand Aggy

I
30:I 1 I I I I I 1 I I I I 1 I I I I 1 I I
=
— 15
§ 12
g 10
g
g, -
= == /\
2 (= (=)
N N—
wpy [Mm] 24 30
Mesh 520x11 440x13
Paste| 1 |23 |4[5]|6|7[8]9ftof11]|2]13]1]{2]3][4]5]6]7
Type Ag AgCu

= Most Ag pastes: good R,z for
= Not all AgCu are compatible with
= AgCu4/5 and Ag7/10 w,, = 24 pm at R g ~ 2 Q/cm
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60 EL I I I I I I I I I I I I I I | 1 I I
650 é 805 T T T T T T T %
£ =703 —
= 40 c 60
b= é = 50
O, 30 3 5403
U ] W
< 20 3 < 30
Fs gf B 20 3 ==
L T El==
510 3 <107 —
3 E
~ 0 E wylml| 18 | 21 | 24 | 27 30 | 35 | 40 | 45
Mesh 520x11 440x13
wyy [um
N lm] Paste 6 5
Mesh Type Ag AgCu
Paste| 1| 2322|0678 |9 MO IZ[I3[T[2[3]%[°]0|7
Type Ag AgCu

= Effective silver usage A, calculated on basis of
laydown M and finger cross-section A,

= AgCu5: Cu @& + R\ W lead to A, = 56 cm?/(Q mQ)

= Wider w),, = improved A, more uniform fingers

8K. Gensowski et al. https://doi.org/10.1016/j.s0lmat.2022.111871
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Ag and AgCu LT-Paste Screening

Pc
1-2-| T ! ! ! ! ! ! ! ! ! T ! ! T ! ! T !
1.1_ T
1.0 |
09 — &
0.8 1 ;
T 07 .| TT__ :
S o8] Il D
£ 051 | JPN‘:F
o - T _I
Q0.4'D : S Tl S i L ]
o3dr [ [.] é ﬁ g';l i
0_2__ [ ] T T =L [T B T
HEETE L E il Q
i LT
Paste|1]|2[3]4|5]|6]7[8]9[10]11]12[13]1|2]3]4a]5]6]7
Type Ag AgCu

= Ag pastes achieve extremely low p.< 0.5 mQcm?
= AgCu paste low but higher p.< 1.0 mQcm?
AgCud/5 with p. A, R\ e W, due to particle size?
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Ag and AgCu LT-Paste Screening

O and w,
12 I T I I I I I I I I I T I | T | | T | | T I I | I I | I _i_ I I I [ I I I I I I I
1.1 °7
1.0 - 60
09 - 4 55 :
08 ] , |
T or £ 50 ¢ B 8 S
SR T = ilg |S|
G 06 - 45 : : i =177
£ ] S E E N
=05 m \ g
QL 1. -l c 40 L_D_J % T
0.4 - 9 ]
03— 1] 1 ﬁr L - | 35 ] Erﬁ'
R T g T L (A ' .
R e I %l-lg T v%r 1+ Wy [pm] 24 30
paste (T2 245 a7 e o o[iile[@[ [z ]3[4 [5]e]7 Paste[ 1| 2]3[4]5]6]7[8]a10]11]12]13] 1]2]3[4[5]6]7
Type Ag AgCu Type Ag AgCu
i 2 . . .
* Ag pastes achieve extremely low p. < 0.5 szcm = Pastes vary substantially in printed w;for constant w,,
= AgCu paste low but higher p.< 1.0 mQcm = Best w, for Ag (24 pum) and AgCu ( ) similar

AgCud/5 with p. A, R\ e W, due to particle size?
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GridMaster Simul
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Bifacial GridMaster Simulation

GridMaster'? simulation

Base: grid finger data from paste screening
Per data set: pitch pgrs and pgxs variation

- 1, Ag consumption and costs
- p- and cost- optimum

17 4Y. Chang et al., 2024, https://doi.org/10.1002/pip.3799
9K. Nakamura, 2020, https://doi.org/10.4229/35thEUPVSEC20182018-2AV.3.37

©Fraunhofer ISE 10T Fellmeth, https//doi.org/10.1109/JPHOTOV.2013.2281105

Reference*:

specific Mg ~15.5 mg/W
Assumed:

n=245%

Ag paste: 92% Ag content

Simple cost model
based on data in AgCu?®:
Ag: 1000 €/kg

AgCu: 200 €/kg

Paste production: +30%
Cell value: 0.10 ct&/Wp

£ [mQen]
°
B

2
5, gl

AT ah

Sample broken

1]2]3]4[5]e]7[e]e]10]11
Al

o

[13[1]2]3]4]s]e]7

g

| AgCu

AgCu

|||||||||||||||||||||||||||||||||||||||||

||||||||||||||||||||||||||||||||||||
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Bifacial GridMaster Simulation
Efficiency versus cost optimization

GridMaster'? simulation - Results T T T T T T cost-/ 1 -optimized
® 0O Ag

Gap between 5- versus cost-optimization 4.8 ® O AgCu

“ 7:+0.4% . P % B

" My, +3 Mg/\W &

A9 J 24.6 2) o o
Gap increases if ac? o) °
= Ag price # =

J price 244 .“
= Value of Cell €Wp N

®
24.2
-> Chance for low Ag or Ag-free P
technologies to step in o
24.0 +———————— 11—t
o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

My [mg/W]
18 10T, Fellmeth, https://doi.org/10.1109/JPHOTOV.2013.2281105
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Ag and AgCu LTP Applied on SHJ Solar Cells

= Variations paste combinations FS / RS = 0BB FS screen: 80F w,,= 25um 430x13x0
ANV NV ANVAA = 12BB RS screen: 162F w, = 25pm 430x13x0
Ag / Ag
VVAVAVAAVNV
Ag/ AgCu
AgCu / AgCu

20 ®
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Ag and AgCu LTP Applied on SHJ Solar Cells

IV data
Ag/ A Ag/AgCu AgCu/ AgC
9 g g g u Aglu/AgLu
= Variations paste combinations FS / RS ol | 1 o | ]
Ag/ Ag i a1 #T] »f T
Ag/AgCU g 22| . % 1 gmf . % ]
= 22| - & B _
AgCU /AgCU 218 L E . : |
= 0BB FS screen: 80F w,, = 25pym 430x13x0 ol . ] T : |
= 12BB RS screen: 162F w,,= 25pm 430x13x0 212 —— s 5 " = 5
roup roup
= |V data mer ' 1T sl ' —
and 9BB measurement 387 |- - T2l R MESE
9BB-> tion'! based on R % ol ‘ I - ‘
E 386 4 = .
correction' based on R, e sgs ek el 1 | |
E 33,5— 1 9L |
38.45 |- ] ] i
38.35 | L] - 732 [ FS. 09BB ——— [
38.3 ‘} ('? \‘f 730 ‘} :P FS, 1880 \IS‘
Group Group
21 ""M. Rauer https:/doi.org/10.1016/.s0lmat.2022.111988 ° 5+9BB IV on conductive chuck, BC calibration
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Ag and AgCu LTP Applied on SHJ Solar Cells
IV data

MV ANV A v
Ag/Ag Ag/AgCu AgCu/AgCu

23 T T T 81 T T T

Results AgCu compared to Ag 225 | Wl |
= AgCu paste compatible with w,,= 25um ol & E% 1wt ’ﬁ :
= Shading @&: J__-0.2 mA/cm? " ol T ' :

= FF & due to RL/NE N 21%2 % % | ? /%

7 (%)
FF (%)

76 | .
. 216 | .
#wires A effect of Rz ON FFN 210 T 1
212 . 5 = 74 - 5 =
Group Group
38.8 | : |
38.75 | 4 744 - .
387 | . 742 | ] o E i
38.65 |- - 40 -] [=] [ %@
o« ° - B i ]
E 386 ! 4 = .
< 3855 | \ 1 Emsr b
E B g
2 38.5 - I . = 736 |- B
"~ 3845 . .
284 L T 74 V_side, #5B
' 782 |- FS 0088 —— I
3835 1 ) FS. 18BB
38.3 - S = 730 - 5 =
Group Group
22 ° 5+9BB IV on conductive chuck, BC calibration
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Ag and AgCu LTP Applied on SHJ Solar Cells

IV data

Results AgCu compared to Ag
= AgCu paste compatible with w,,= 25um
= Shading #: J__-0.2 mA/cm?
*FF & dueto R, N
#wires A effect of Rz ON FFN
= Specific m,, FS OBB RS 12BB:
Ag/Ag < 10 mg/W*
Ag/ AgCu < 10 mg/W*
AgCu / AgCu: 7.5 mg/W

Ag/Cu: big step towards < 5 mg, /W
Further reduction with finer lines and no BB

23

©Fraunhofer ISE

*Ag-paste laydown was not reliably measured

Aag/ A Aag / Ag( AaCu / Ag(
g gu u u
23 T T |

81

228 -

I | I
. i 80 [
226 - ) . 1 ==
79[
22.4 | -
222 |- . I - T B[ . .
22 |- % - 77 | / %
21.8 ]

T | T

21.2 74

n %)
——el

FF (%)

38.8
38.75 -
38.7 - = 742 -

38.65 |- ) . a0 L E
386 |- !! . -
38.55 |- . \ - 738 1 ]
385 | L l . 736 |- .
38.45 |- . . i
384 | ST 734 V_side, #58

. FS,05BB =
38.35 |- i 732 | FS.09BB ——— [

FS, 18BB

744 |

Jsc (MA/cm?)
VOC (mV)

38.3 ‘ ' i 730 ‘ .
7 & oy 7 & 3
Group Group
° 5+9BB IV on conductive chuck, BC calibration
—
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Cu Pastes Applied on SHJ Solar Cells

Paste selection:

= Ag and Cu LTP on SHJ M6 precursors

Variations on RS:

Paste / screen 162F/80pum 162F/25um
NV ANAAA A AAAA
Ag/ Ag
VAAAAAAY VVAAAAN
"MV VAV VAA AAAAAA
Ag / Cu

25

©Fraunhofer ISE
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Cu Pastes Applied on SHJ Solar Cells

FS constant with Ag 126F / 22um (30 mg LTP Ag) 228 019,
{1 == «— ! /Oabs -
Variations: 22.6 i ~~ —
= RS with 162 fingers varied: _ '
Ag or LTP Z 224
wy = 80 pm or 25 um = v s
Results:
= Cu with wy, = 80 pm 5 -0.1%,,, vs Ag 220 i
21.8
Tcure in°C 180 300 200 300
Paste Ag Cu Ag Cu
Wy [um] 80 25

AMAAAANA "MW WV ANV AAVAAAAA
VVAVAVAVAVY VWVWVAWVAWAWY VAWV VWWWVAVV

26 9BB IV on conductive chuck, BC calibration
©Fraunhofer ISE % FraunhOfer
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Cu Pastes Applied on SHJ Solar Cells

FS constant with Ag 126F / 22pum (30 mg LTP Ag) 228 0.1%
{ == v— " ! /Oabs :
——+ N —
Variations: e e AN
= RS with 162 fingers varied: - \ -0.6% .,
Ag or Cu LTP EE .
Wy, = 80 pm or 25 pm . \

Results: ' \ '
22.0 -

= Cu with wy =80 pm 5 -0.1%,,. vs Ag

. 21.8
" Cuwith wy =25 pm 7 -0.6% s Vs Ag T,ure in °C 180 300 200 300
indicate a high p. (4.9 mQcm?2 for wy, = 80 pm) Paste Ag Cu Ag Cu
Wy [pm] 80 25

AMAAAANA "MW WV ANV AAVAAAAA
VVAVAVAVAVY VWVWVAWVAWAWY VAWV VWWWVAVV

27 9BB IV on conductive chuck, BC calibration
©Fraunhofer ISE % FraunhOfer
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Cu Pastes Applied on SHJ Solar Cells

FS constant with Ag 126F / 22um (30 mg LTP Ag)

Variations:
= RS with 162 fingers varied:
Ag or Cu LTP

Wy = 80 pym or 25 uym

Results:
= Cu with wy =80 pm 5 -0.1%,,. vs Ag
My, ~ 4.4 mg,,/W
= Cuwith wy =25 pm 5 -0.6%,,, vs Ag
indicate a high p. (4.9 mQcm?2 for wy, = 80 pm)
Mpg ~ 4.6 Mg, /W
Cu paste on the RS enables <5 mg,,/W

28
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22.8

22.6

nin %

22.2
22.0

21.8
TCU."E in OC
Paste
wy [um]

o
& -0-1 /oabs
| ~.
0

\'06 A’abs
180 300 200 300
Ag Cu Ag Cu

80 25

AMAAAANA "MW WV ANV AAVAAAAA
VVVVAVAVYV VWWAWAWAWY VWAV WWWWV

9BB IV on conductive chuck, BC calibration
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Cu Pastes Applied on SHJ Solar Cells

FS constant with Ag 126F / 22um (30 mg LTP Ag)

Variations:
= RS with 162 fingers varied:
Ag or Cu LTP

Wy = 80 pym or 25 uym

Results:
= Cu with wy =80 pm 5 -0.1%,,. vs Ag
My, ~ 4.4 mg,,/W
= Cuwith wy =25 pm 5 -0.6%,,, vs Ag
indicate a high p. (4.9 mQcm?2 for wy, = 80 pm)
Mpg ~ 4.6 Mg, /W
Cu paste on the RS enables <5 mg,,/W
R, ne Stable after 24 days storage in air

29
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1 1 1 1 I I 1 1
10 5
g Ees==
S e
o
=
e
o
-1 -
i e ———t—
post cure store cure store cure store cure store
TCure in °C 180 300 200 300
Paste Ag Cu01 Ag Cu01
Wy [Hm] 80 25

MAVAMAA ATV VAV AVVAAAAA

9BB IV on conductive chuck, BC calibration
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Ag-LTP Screen Printing of SHJ Cells for Bifacial Module Integration

= Cell production based on industrial M6 SHJ precursors W

= | TP Ag paste, metallization varied

pr=0.6to 2 mm

wy= 1410 30 pm VIV V'V VTN

Mesh type: 380x14x22.5 and 520x11x0

= Achieved: LTP finger w¢ = 16-17 pm —— Core width: 15.78 um
—— Shading width: 24.39 um

31 ®
©Fraunhofer ISE
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Ag-LTP Screen Printing of SHJ Cells for Bifacial Module Integration

= Cell production based on industrial M6 SHJ precursors
= LTP Ag paste, metallization varied
pr=0.6to 2 mm
wy= 1410 30 pm
Mesh type: 380x14x22.5 and 520x11x0
= Achieved: LTP finger we = 16-17 pm
= Cell separation by LSMC

= Bifacial (non-AR) glass-glass modules with 16 wires

= Module wire / grid finger contact issue in cell
perimeter area - masked IV (# +0.2% to 1.3%)
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Ag-LTP Screen Printing of SHJ Cells for Bifacial Module Integration

22.0 —
® mediann
= Cell production based on industrial M6 SHJ precursors specific mj
= LTP Ag paste, metallization varied o1 5
ps=0.61t0 2 mm X 0148
= 075 1420 gigs
wy= 1410 30 pm 3 o0 . |
% =166 | @21.1
Mesh type: 380x14x22.5 and 520x11x0 2210 1208 150
= Achieved: LTP finger w¢ = 16-17 um % o114
S
= Cell separation by LSMC S o . 0318
= Bifacial (non-AR) glass-glass modules with 16 wires
= Module wire / grid finger contact issue in cell
perimeter area = masked IV (7 +0.2% to 1.3%) 20.0 , ,
= Fineline result: < 10 mg,g /W ° 10 " 29 2 % >

Module integrations adds < 1 mg/W*
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Ag-LTP Screen Printing of SHJ Cells for Bifacial Module Integration

22.0 —
® mediann
= Cell production based on industrial M6 SHJ precursors specific mj,
= LTP Ag paste, metallization varied o1 s
pr=0.6to 2 mm N ®1438
= 31420 gigs
wy = 1410 30 pm 3 ‘\,..%.h
P 50100 ~@21.1
Mesh type: 380x14x22.5 and 520x11x0 2210 1208 150
= Achieved: LTP finger w¢ = 16-17 pm % o114
S
= Cell separation by LSMC S o mg 3 ez 0318
Rifan ] ) . . - ]
Bifacial (non-AR) glass-glass modules with 16 wires BFR 7
= Module wire / grid finger contact issue in cell
perimeter area = masked IV (7 +0.2% to 1.3%) 20.0 , . — . . .
= Fineline result: < 10 mg,g /W ° ° 10 1_?_ 2 /Wzs %0 >
Module integrations adds < 1 mg/W* specific Mg [Mg/\W, ]
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Ag-LTP Screen Printing of SHJ Cells for Bifacial Module Integration

22.0 —
® mediann
= Cell production based on industrial M6 SHJ precursors specific mj
= LTP Ag paste, metallization varied o1 5
ps=0.61t0 2 mm X 0148
= Q...ONH... 1420 @188
wy= 1410 30 pm 3 i °® |
E Ag/Cu 13.0@ 150 0° | @211
Mesh type: 380x14x22.5 and 520x11x0 g 210 Cel | |
= Achieved: LTP finger w¢ = 16-17 pm 3 |emaWena
S
= Cell separation by LSMC S o . 0318
= Bifacial (non-AR) glass-glass modules with 16 wires
= Module wire / grid finger contact issue in cell
perimeter area = masked IV (7 +0.2% to 1.3%) 20.0 , , , , ,
= Fineline result: < 10 mg /W 0 ° 10 1_5_ 20 25 %0 %
. . Ag, cell . specific m,,, [mg/W,]
Module integrations adds < 1 mg/W Ag P
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Summary

range £>%v-obU%

[2]
o

— 250 1
Paste Screening Ag & AgCu: % 23 ]
= AgCu: Ag reduction by 25-60%,,,i,ns = improved Ag utilization: high Agg 4 S L J
= Best Ag and AgCu paste are (or need to be) fine-line compatible _ - y
= Challenge AgCu: small A with low R e and p¢ ”””"" 1|z|s|4|ss|%f1v|s|s|w|ﬁ - 1|2"i‘2?‘fi|5|5|7
36 —

©Fraunhofer ISE % Fraunhofer

ISE



Summary

Paste Screening Ag & AgCu:

= AgCu: Ag reduction by 25-60%,,.i,s = improved Ag utilization: high
= Best Ag and AgCu paste are (or need to be) fine-line compatible

= Challenge AgCu: small Ap with low Rz and pc

GridMaster simulations:

= Specific m,, in mg/W: Best Ag and AgCu pastes are equivalent
= Cost opt.: ~3.5 mg/W versus n —opt.: 5.5 mg/W
= 2 1 is scarified: chances for Ag-free metallization techniques.
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Summary

Paste Screening Ag & AgCu:

= AgCu: Ag reduction by 25-60%,,.i,s = improved Ag utilization: high
= Best Ag and AgCu paste are (or need to be) fine-line compatible
= Challenge AgCu: small Ap with low Rz and pc

GridMaster simulations:

= Specific m,, in mg/W: Best Ag and AgCu pastes are equivalent

= Cost opt.: ~3.5 mg/W versus n —opt.: 5.5 mg/W

= 2> 1 is scarified: chances for Ag-free metallization techniques.

Cell and Module results:

= AgCu / AgCu cells: ~ 7.5 mg/W , Ag on the FS competitive

= Ag / Cu cells achieves < 5 mg/W

= < 10 mg/W Ag cells in module, ~'/5 Mg Ref, n?, BFR &

= Cu: finer lines, higher AR, improved pc

250

nin %
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paste| 1[2]3[4a[5]6[7]8 ]9 [to]11[12[13]1]2]3]4]5]6]|7
Type Ag AgCu
IIIIIIIII cost- / 1 -optimized
® 0 Ag
® O AgCu i
t':uD &
o o
Ref]
o ]
%o .
o0
: 220 - . T
.. ® mediann
e .. .......... AgCu / AgCu specific My,
01 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 Cell
21.54
My, [mag/W] . 7.5 mg/W 8140
% O o878 .0 o o
£ Ag/Cu L 166
2 13.08 150 o211
2109 cen
% 4.4 mg/W @114
= 0224
205 318 |
200 - . ‘ T T T T
0 5 10 15 20 25 30 35

specific m,, [mg/W,]

N\

Z |

Fraunhofer

ISE




Summary

Paste Screening Ag & AgCu: % 23

= AgCu: Ag reduction by 25-60%,,iqn: = improved Ag utilization: high Aggy ag ~ Swl=s =77 =

= Best Ag and AgCu paste are (or need to be) fine-line compatible _ -

= Challenge AgCu: small A¢ with low Ry and pc e S o
GridMaster simulations: o
= Specific m,, in mg/W: Best Ag and AgCu pastes are equivalent *TTTTTTTTT

= Cost opt.: ~3.5 mg/W versus i — opt.: 5.5 mg/W & Td T

= 2 1 is scarified: chances for Ag-free metallization techniques. B H

Cell and Module results: ‘

= AgCu / AgCu cells: ~ 7.5 mg/W , Ag on the FS competitive R ERRCH | = e
= Ag / Cu cells achieves < 5 mg/W BEEFERY EEREXEXEE LR T

O o878 .0

= < 10 mg/W Ag cells in module, ~'/3 m,, Ref, n?, BFR &
= Cu: finer lines, higher AR, improved pc

=

©

2,5, Ag/Cu
£21.091 cen
3 4.4 mg/W @114
E

OUthOk: " 2051 o8
= Module integration of Cu pastes (low temperature soldering, ...), reliability testing ol
= Combined simulation: interconnection & cell metallization - cost and Ag contentN specic g (g
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Rapid Evolution of the Ag Consumption in SHJ Cells and Modules
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Thank you for your
attention!

Sebastian Pingel
Department for Metalli
Structuring Technologi
Division Photovol

sebastian.ping
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all co-workers, paste suppliers (i.e.
Namics, ...) and other industry partners.

This work has been funded by the Federal Ministry for
Economic Affairs and Climate Action within the projects
“UtilitydIndium” (contract no. 03EE1127D) and “HIT"
(contract no. 03EE1197B).
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