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Introduction

O SOlar Cel | World wide production capacity > 110GW

A solar cell, or photovoltaic cell, is an electrical device that converts the energy of light directly into
electricity by the photovoltaic effect, which is a physical and  chemical phenomenon. It is a form of
photoelectric cell, defined as a device whose electrical characteristics, such as current, voltage, or
resistance, vary when exposed to light.
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< AI-BSF 75% 16.0 <n < 20.0% - (2028 ~ T%)
E Market Share Efficiency trend for such technolgies

o PERC/PERL/PERT 22% 19.0 <n < 22.5% + (2028 ~ 60%)
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Introduction

® Silicon HeteroJunction (SHJ) Solar Cell »> 22.0%

Ref. SHJ PVD SHJ IBC SHJ
n>22.4% n=22.7% n>23.3%
(% | |4

size (180 cm?)

)

MRERLE

AUTOMATED PHOTOVOLTAIC CELL AND MODULE INDUSTRIAL PRODUCTION
TO REGAIN AND SECURE EUROPEAN RENEWABLE ENERGY MARKET

April 2020 n=22.5% bifacial cell

at industrial level full scaled automated cell line100MW
Look to solutions for n=23.5%
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Introduction

® Cost Pressure Increasing Tremendously in SC

Module price (US$/Wp)
=

15% < Metallization influence cost ($/Wp) < 30%
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Introduction

® Ag $/g influences Tremendously solar cell cost

Low temperature Ag paste ~ 0.78/g
Sheet resistance post curing is not bulk Ag: (Temp < 200° C)

5 @< qu@25pm < 25@

8. 5 ‘P ag bulk 42. 5 ‘P ag bulk

Specific contact resistance 1mQ-cm? to 4mQ-cm?

22.5%

Bi-facial SHJ Ag/cell (5BB) = 0.2g — 0.14%/cell "> 0.073 $/Wp —0.34$/Wp — 21.4%

Ag price

6 198/Kg ~ L2 o =11 p

\¢ Electroplatmg the only industrial
ehig|solution
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History and State of the art

® Plating Technique in Solar Cell

Before the introduction of alternative metallization techniques, technical issues in reliability and
adhesion have to be solved. Appropriate equipment also needs to be available. (ITRPV)
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——Electroplating  —e—Lightinduced plating  ——Screen Printing 2017 2018 2020 2022 2025 2028
| screen printing stencil printing u direct plating on Si plating on seed layer

® Plating key Issues

Pin-holes and Scratches

Adhesion (> 1 N/mm)

Speed of Plating — Throughput, Space floor and Chemical quantities
Drag-out — Reduce additive consumption

YV V V V V
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State of the art

® Industrial Plating for Solar Cell
LIP or LAP

BE Semiconductor Industries N.V.

InCellPlate Cu

RIE[N[A[,  mer

Meco Direct Plating Line (DPL)
(www.besi.com/products-
technology/productgroup/plating/com)
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State of the art

® Industrial Plating for Solar Cell
* Plating seed layer

Whatever plating industrial technique you
use IS necessary to use
Protective MASK

W17,
S S MEYER BURGER
71\\°

PIXDRO JETx P

Inkjet printing equipment for solar cell fabrication

_ o Resist
Alternative to printing: W Yy Yy o
Apply a film and open it by laser Solar cell
QA’EMESE CANCUN MEXICO  =cs and swea 2:RiSE I
defiosema o e CNI Meey M Balucanl et al (Technology L UNIVERSITA DI ROMA




£CS
State of the art

® Plating Issues
» Mask + Plating “%=&-

. Adhesion ....to silicon .....to TCO
* Speed of plating........

Industrial line for 100MWp Is:

~ 30 -45mlong ! HUGE FLOOR SPACE!!!!!
Solution make-up is >1500 liter
1
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Is there a possible solution that could solve all
these plating issues

._ i

Selective Plating Process and a Fast process

Without using RESIT or PHOTORESIST

AND SOLID STTE SCENCE
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State of the Art: Localized Plating

Localized electrochemical deposition (LECD)
Static Meniscus

Anode Electrode

| |
Pipette || /| | Moving
/! | direction

Meniscus |

Metal Growth
Nanowire direction

N

Main Issues:
» No Refreshment of solution
» High current density: strong bubbling
» Base footprint dimension

[R. A. Said Nanotechnology 14 (2003) pp. 523-53]
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State of the Art: Localized Plating
Localized electrochemlcal deposltlon (LECD)
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¥1,000 10Mn

Cu deposition rate up to
867 um/min

8806 20KV
0004 20KV

= Main Issues
(1) Electrocre must be quite close to cathode (i.e. <50 pm)
(2) Very difficult to keep confined the plated area: reduced only for (1) < 5pum
(3) Necessary to move the micro-anode

(4) Porous structure due to very low convection contribution

1] E. M. El-Giar et al. Journal of The Electrochemical Society, 147 (2) 586-591 (2000)
2] J.C. Lin et al. Electrochimica Acta 55 (2010) 1888—-1894]
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State of the Art: Localized Plating

Mass transport of copper ions in the electroplating process is theoretically
governed by the Nernst—Planck equation:

nF
Fion = —DVc — o DcVe + cv [mol s7'm~2]

IBM by Jet plating (1)
Record of Cu deposition
50 pm st
J=150 A cm~

Not porous and very nice
morphology

(1) R. J. von Gutfeld and D. R.
Vigliotti, High-speed electroplating of
copper using the laser-jet technique,

°%3 0 20 30 = = Appl. Phys. Lett. 46, (1985), pp. 1003-
e [kA N4
L. J. J. JANSSEN JOURNAL OF APPLIED sk 1005
ELECTROCHEMISTRY 18 (1988) 339-346

~2 um st Cu deposition rate

; UNIVERSITA DI ROMA
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WHAT WE LOOK FOR

® Don’t want to use resist or photoresist

 Confined plating

® \Want to have fast plating regimes
« Non-porous structure ...as low as possible !!!

 Low chemical consumption, small footprint and
reasonable make-up (<300 litre)

 Find a process to guarantee adhesion
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Our Approach: DLD

Input channel

Bl Air Output channel
B Liquid
"] Solid material

Dynamic Liquid Drop
DLD

Air flow Air flow

— ——  —— — —— —— ——  ——

9.50e-01
9.00e-01
9.50e-01

SU Ction 8.00e-01

7.50e-01

Gas
inlet

7.00e-01

. - . 6.50e-01
Liquidinlet 6 00001
5.60e-01

Ga S - 5.00e-01

5 450e-01
n let 4.008-01
3.50e-01
3.00e-01

2.50e-01
2.00e-01

Gas inlet

Contours of Volume fraction (water) (Time=5.0000e-04)
ANSYS FLUENT

ELECTROCHEMSTRY AN SOLID STATE SCENCE
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Our Approach: DLM

Input channel

Bl Air Output channel
E} ;:)qllidc;dmaterial Dyn a.m I C L I q u I d
Meniscus

DLM

Air flow Air flow

— —— —

Gas inlet

Contours of VVolume fraction (water) (Time=5.0000e-06) Feb
ANSYS FLUENT 12.1 (2d, dp, pbns, vof, lam,

14, 2011
ransient)

i
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Dynamic Liquid Multi Drop/Meniscus
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DLD/DLM: Problem to solve

Rayleigh Taylor (RT) instability:
When a heavy fluid is supported by a light fluid, the system is RT unstable

Heavy

P1

| Gravity

Light

L P2
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ELECTROCHEMSTRY AN SOLID STATE SCENCE

Contours of Volume fraction (water) (Time=3.0000e-04) Nov 04, 2010
ANSYS FLUENT 12,1 (3d, dp, pbns, vof, lam, transient)

Joint International
Meeting

<‘f~'v/:jt >
M. Balucani et al. & Technology

4.50e-01
4.00e-01
3.50e-01
3.00e-01
2.50e-01
2.00e-01
1.50e-01

1.00e-01
5.00e-02 =Y
0.00e+00 2

Contours of Volume fraction (water) (Time=2.5000e-03) Nov 04, 2010
ANSYS FLUENT 12.1 (3d, dp, pbns, vof, lam, transient)
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Simulation and Experimental Results

oW ! I(um) W (pm) O(pm) H(pm) Vie(ms™) Bp(Pa)  Rejpq  Hy(um)
| | | | 500 500 500 2000 0,45 1000 437 733
300 300 300 1000 0,5 1500 291 573

100 100 100 600 0,8 2000 155 213

70 70 70 600 0,9 2500 122 187

o 50 50 50 300 1 3000 97 118

30 30 30 200 1,25 3500 73 73

15 20 20 75 1,5 4000 44 32

Experimental result

1.76 mm
CFD result

QAIMESE cancun wexco sz ~-RiSE IR
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Simulation and Experimental Results

|(um) | W (um) | O(um) | H(um) |Vie(ms™)| Ap(Pa)
Nozzles c.)?eratmg 500 500 500 2000 0,4 2000
conditions
TEST CFD
Dynamic drop 570 590
height (um)
Dynamic meniscus 1710 1760
footprint (um)
Air volume flow 60.5 63.9
rate (I/min) ' '

Dynamic Liquid
Meniscus

PV and Cu Pillar Application:
Continuous or Stop-Go

1C0 | ccs oo e ’iRiSE & sarienzs

i) M. Balucani et al. Technology el ekl




Equipment Evolution In Time

https://www.youtube.com/watch?v=xDIsubliSEM

Search in you tube “menlscuspad”

Jannuary 2019
2016
Q A*HES» CANCUN MEXICO. Eﬁf.h.;.gni.“.ﬁﬁ 7! RIiSE [} SAPIENZA 9.
e | M. Balucani et al. Technology



https://www.youtube.com/watch?v=xDIsubIi5EM
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Micro Nozzles

Figura 154: Immagine del micro-ugello finale fatta al microscopio confocale

Microugello MN_12.5 7 15 V02.2

DETTAGLIO A

Joint International
AMERICAS INTERINTIONAL NEETING O @\ Meeting
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0.05mmm—

CFD result
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Micro Nozzles

Speed of liquid is in the range of 1m/s

-24-
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Malin results achieved

® Front and back side of c-Si

QA’iMESg CANCUN |MEXICO | ccs o shco QRiSE & SAPIENZA
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On Going Work — H2020 AMPERE

®@CuonlITO

» Main Tasks:

« Adhesion > IN/mm
No damage of SHJ solar cell after ITO processing
Quality of metal better than low temp. Ag-paste
FF and BB plating without mask

Speed of plating — Prove industrial feasibility of technique
 Productivity > 2500 w/h
« Make-up solution quantity
 Floor space

(3 !\. WE@%% CANCUN MEXICO s and stica - R i S E ”} lS APIENZA

..................................... ] 1 :
M. Balucani et al. ¢ Technology &

ECTROCHEMSTRY
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On Going Work — H2020 AMPERE

®@CuonliITO In,0,:Sn + 6HCI—> 2In:Sn + 3H,0 +3Cl,
 Adhesion solved by ITO reduction

ITO reduction in galvanic regime
(10mA/cm?<J,<320mA/cm?2)

Cell Voltage (V)

No reduction

| Spectrum: 32_ 1z

El AN Series unn. C norm. C Atom. C Errcr (1 Sigma)

[wt.%] [wt.%] [at.%] [wt.%]
C €& FK-series 1.1z i1.zz2 7.€6 0.44
5i 14 K-series 12.44 13.60 36.53 0.74
In 49 L-series 71.30 77.94 51.20 4.33
Sn 50 L-series 6.63 7.24 4.60 0.80

Total: 91.4% 100.00 100.00

AMERICAS INTERINTIONAL NEETING O @\ Meeting

554

4.5+

4.0+

3.04

Room temperature —— INES RF ITO RT HCI 1M
sample ——INES RF ITO RT MSA 4M

——_——ENEAITO DC RT HCI 1M

——ENEA ITO DC RT MSA 4M

r—’/ﬁ_f

—

32
SE

T T T T T T T d
00:00 00:04 00:09 00:13 00:17 00:22 00:26 00:30

Time (mm:ss)

MAG: 91893 x HV: 6.0kV. WD: 104 mm Px: 3 nm

0,001 cpsieV

600

400

UNIVERSITA DI ROMA

e | .
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On Going Work — H2020 AMPERE

® Cu on ITO directly
« Adhesion Issue

QAMESE CANCUN MEXICO

AMERICAS INTERNATIONAL MEETING ON
AL B e ON

'ECS and SMEQ

- Joint International

M. Balucani et al.

Resistance, Ohm

= 13.07.2017_02
Linear Fit of Sheet1 B"Resistance, Ohm"

3,0
y=a+b'x erroe
a= 0376 Q 0,01896 -
b= 22,286 Qicm 0,29107
254 L= 0,033 cm 0,000775 Bpew doca 7 boes dpa
g W= 0,806 em 0,003875  6,13E-06 l.zu}/ -1,65€-05 206752607
./
Ry = 17,962 Q/sq -
Re= 0,188 0Q
204 L= ooosem eoe
pe= 1,274 mQem® 0,129 n)('cm‘
7 £
/
1,5 ,'/ Bamton yreenn
- s Rmnscara, e
; Weght e )
wevost 0150010
/ g T2 0 3T
// Iwda S of S e 0300
= Seavers 1ovnt
1 0_ S S a0y 292
» - A WScmes 3wy
//‘
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0.5 T — T T T 1
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. . v
0.04 0,06 008 0.10 0,12
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On Going Work — H2020 AMPERE
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On Going Work — H2020 AMPERE

After 2 min @ 200° C

® Cu on ITO after flash of Ni S L4

Plating post
anneling

NO

200°C-120s

150°C - 600 s
NO

150°C — 600 s

Specific
contact
resistance

[mQecem=]

0.61 £ 0.07

0.58 £ 0.02

0.43+0.1
0.49 * 0.05

0.3+0.1

Q A*MES;‘E CANCUN MEXICO c5 and swea

nnnnnnnnnnnnnnnnnnnnnnnnnnn
ELECTROCHEMSTRY AN SOLID STATE SCENCE
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On Going Work — H2020 AMPERE

® Cu (10pm) on ITO after flash of Ni

Peel Test
Ribbon glued at room temperature
a
35
3
2.5
E
E 2
=
4
g
-10 0 10 20 30 40 50 60 70
-0.5
Displacement [mm]
[TOred+Cu e |ndustrail Min. value [TOred+Ni+Cu
QAIMESE cancun mexico ecs ana syea
AMERICAS INTERUATIONAL MEETIG O @N] - Meeting

M. Balucani et al.
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On Going Work — H2020 AMPERE

® Evaluation of ITO damage: @

Recombination lifetime

Before ITO reduction After 1TO reduction Reduction in MSA
T =1054 pus T=1079 pus p-side 320 mA
0.1 sec.
T="749 us 7=2803 us p-side 200 mA
0.1 sec.
T=1291 ps T=1227 ps p-side 100 mA
0.1 sec.

ITO reduction in MSA solution doesn’t affect recombination lifetime leaving the passivation layer intact.

INES (RF) ITO .
HCI-MSA comparison

80 mA 05s 4270 263.80 . .
MSA is capable of reducing ITO

80 mA 04s 31390 2290 - - - _—
inducing less damage and limiting

E— e e the corrosion of the formed In-Sn

160 mA 0.2s 339.70 22720 |Q h ase

320 mA 0.1s 386.6Q 239.10

100 mA 0.2s 239.2Q 20450

e m&ﬁg CANCUN MEXICO Eﬁ,ﬁ&gg:,ﬁ.“.ﬁfﬁ / ) R IS E l%\ lS AP]ENRZA

M. Balucani et al. @ Technology
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On Going Work — H2020 AMPERE

® FF and BB plating without mask

EHT = 6,00 kV Signal A = InLens

I | WD = 6.7 mm Mag = 38273 KX

Moving down to 50um FF

Q A*MES” CANCUN MEXICO ..... ’\ R IS E %’r SAPIFNZA

HE R oV |

M. Balucani et al. chnology
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On Going Work — H2020 AMPERE

® Cu Speed of plating e e e K
DR [pm/s]
, S s| 2% B 0.17 - |
e N
T [ [ o [on [v
T [ [ [ [
on [am [ [ [
Iolal w 5[+

500000 - 1 004 o 8 > .

400000 - e oo im0 o High crystallinity (low background, sharp and mtense peaks k,, Visible even
g 2000001 o a0 Eit_f1|g}f1 512.
S ros0n. amssts0s » High purity (no detectable Cu,O, Cu(OH),,CuO or CuCO4 phases).

100000 . 20 311 » Large crystallites (over the instrumental resolution = 150 nm)

l"fz > High density (8.93 g/cm3), substrate (brass) contribution is immaterial.
g —— . ‘ » Williamson-Hall Plots and Warren-Averbach shows strain in the range 100-
TR e " 200MPa

-34-
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«

Industrial Feasibility

® DLD/DLM INDUSTRIAL PILOT LINE

Qu.ality control and Movement cells Quality control
Loading basket alignment camera system | | camera
! Loading basket
Z system
@) i Unload wast Unload waste syste
nload waste
—_ 1s syst
— cells system s Jystem
< _ o=l Y (1 _
DD: | = 3 )|
—_ ; (8
LL
Q \\ *\ i /* /’
© AN\ [/
L
Z
-l
L
(al
(al

DLD/DLM Process

Load cells system Unload basket
Unload basket Unload cells system heads from basket system
system from basket H1. H2. H3. H4. H5
Length of
Equipment for 12mx1Im=12m? 6mx1iIm=6m? 24mx1m=24m?

100MW @20um Cu [300] [200] [150]
[liter make-up]

MMESZ caveun MExico s % RiSE [N

............................. M. Balucani et al. Ry Technology

ELECTROCHEMSTRY AN SOLID STATE SCENCE
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Conclusion

® Adhesion > IN/mm

® No damage of SHJ solar cell after ITO processing

® Quality of Cu better than low temp. Ag-paste

'O red., NI and Cu plating - NO MASK

@S

need of plating — 1um/s—2pm/s— TORncE

* Productivity > 2500 w/h
« Make-up solution < 300 liter
 Floor space at least 5 times less than state of the art

Breakthrough in Plating for
Solar Cell Metallization

(Q A*MES“ CANCUN MEXICO ! Ecs and sMEQ ) S APIENZA
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