INTERNATIONAL IBERIAN
NANOTECHNOLOGY

LABORATORY

www.inl.int

Cu(In,Ga)Se, thin-film micro-concentrator solar cells

Sascha Sadewasser?!, Marina Alves!, Ana Pérez-Rodriguez?,
César Dominguez34, Phillip J. Dale?

LINL - International Iberian Nanotechnology Laboratory, 4715-330 Braga, Portugal

2 Physics and Materials Science Research Unit, University of Luxembourg, L-4422 Belvaux, Luxembourg
3 Instituto de Energia Solar, Universidad Politécnica de Madrid, 28040 Madrid, Spain

4 ETS de Ingenieria y Disefio Industrial, Universidad Politécnica de Madrid. 28012 Madrid, Spain

L &
S8 5
INGE & il
%) *
‘ : .?'\.-.."'.I'.-'.

INTERNATIONAL IBERIAN UNIHERS[TE— DU

rerivths- {nld POLITECNICA LUXEMBOURG




Motivation INE‘?‘;}

INTERNATIONAL IBERIAN
NANOTECHNOLOGY

Concentrator photovoltaics (CPV)

» |dea: Reduce area of solar cell and replace by more cost-efficient optics
* Solar cell area™~ 1 cm?

* Mostly employs IlI-V multi-junction solar cells

e Bulky modules

* Sun tracking required = bulky tracker

* Cooling required

M. Wiesenfarth et al., CPV Report TP-6A20-63916 Natl. Renew. Energy Lab (2017).
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Micro-scale concentrator photovoltaics (u-CPV) NANGTECHNOLOGY
d
Translate
\C glass to
PMMA ::r;\s | eﬁg\;ﬁa\j align cells
esive
Sealant

PV Cell

Circuit board

* Idea: Reduce area of solar cell further

 Solar cell area sub-mm?

* Mostly employs IlI-V multi-junction solar cells

* Modules get slimmer

* Sun tracking required = option for integrated tracking
* Cooling required

O. Fidaner et al., Appl. Phys. Lett. 104, 103902 (2014).
J.S. Price et al., Nature Comm. 6, 6223 (2015).
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Cu(In,Ga)Se, micro-concentrator thin-film photovoltaics HANGTECHNOLOGY

The Concept

Incident light

4 Microlens array
i . " \ , Focused light
Microcell
Substrate

M. Paire et al., SPIE Newsroom 5, 2 (2013)
M. Alves et al., J. Phys.: Energy 2, 012001 (2020).
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Cu(In,Ga)Se, micro-concentrator thin-film photovoltaics NANCTECHNOLOGY

The Concept Why ?
— Decrease significantly the use of critical raw materials (In, Ga)
—> Decrease solar cell size to ~100 um

Incident light

- Increase efficiency
— Heat input per cell is reduced. As the ratio of surface area to
.{“ tk P volume becomes higher, heat dissipation is improved.

o Focused ligh —> Cu(In,Ga)Se, enables direct structured deposition
& iy —> Shorter optical paths lead to lower absorption losses.

- The short focal length leads to thin modules that employ less

material.

- The current generated at each cell is lower = series resistance
losses can be reduced.

- Lower impact of light spot inhomogeneity

M. Paire et al., SPIE Newsroom 5, 2 (2013)
M. Alves et al., J. Phys.: Energy 2, 012001 (2020).
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Benefits

Micro-concentrator thin-film photovoltaics
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—> Significant decrease in use of
critical raw materials (In, Ga)

Rough Estimates:

Regular CIGSe thin-film photovoltaics:

Indium perm?:~2g

If all PV production of 1 year would be CIGSe: 100 GW
1 module with 20% efficiency gives 200 W/m?

— 500%x10°% m? CIGSe production / year

— 1000 tons indium / year

Annual In production in 2019: 760 tons

For micro-concentrator with 100X concentration:

= Indium need of 10 tons / year

www.inlint |
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Micro-concentrator thin-film photovoltaics

* Concentrated light leads to an increase in V__

- Increase efficiency V. = AkgT In[J ph +1j
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D. Siopa et al., submitted (2020) * Parameters from P. .Jackson 21.7/, solar cell |
P. Jackson et al., pss RRL 9, 28 (2015). * Assume no change in FF, A, J, with concentration
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Benefits

Micro-concentrator thin-film photovoltaics

INTERNATIONAL IBERIAN
NANOTECHNOLOGY

LABORATORY

- Improved heat dissipation at
micrometer scale

A 3438

3438

3428
200

_'2'004:_200 v 3428

S. Sadewasser et al., Sol. Energy Mat. Sol. Cells 159, 496 (2017).

S. Sadewasser, Solar Energy 158, 186 (2017).

D. Sancho-Martinez et al., J. Phys. D: Appl. Phys. 50, 445501 (2017).

Heat management through finite element simulations
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Top-down fabrication to demonstrate proof-of-concept

* Insulating top contact by dielectric layer and shadowing by metallic layer

I NS T
PHOTOVOLTAIQUE
DILE-DE-FRANCE

I
m
[ 1 | |

i) Mo/CIGSe/CdS/i-ZnO masked and SiO, ii) Resist mask removed iii) ZnO:Al added and cells isolated. Part of
+ Ti/Au layers added the Ti/Au revealed by etching away ZnO:Al

p—
1]

M. Paire et al., Appl. Phys. Lett. 98, 264102 (2011).

www.inlint | Sascha.Sadewasser@inl.int 9



Fabrication Approaches INL?:"'%

IIIIIIIIIIIIIIIIIIII

Top-down fabrication to demonstrate proof-of-concept NANCTECHNOLOGY

* Insulating top contact by dielectric layer and shadowing by metallic layer

Incident light power (mW/cm?)

== I - 10” 10° 10°* 10°
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16 | - ™ -
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o AR Mo * * Llogarithmic V__increase up to 1000X conc.
Glass ) . )
WD | HV Tmag @ | _——2pm— e Series resistance from electrical contacts and the

1.7mm| 1.00kV |17 485 x | 35 LPN-CNRS

M. Paire et al., Appl. Phys. Lett. 98, 264102 (201). absorber layer lead to decrease for higher conc.
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Top-down fabrication to demonstrate proof-of-concept NANCTECHNOLOGY

* Insulating top contact by dielectric layer and shadowing by metallic layer

Concentration ratio
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zn0_ | i-Zn0 29 ] 1 ] |
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d
INSTITUT
‘ - PHOTOVOLTAIQUE
Absorber Absorber ' Absorber D'ILE-DE-FRANCE
i) Mo/CIGSe/CdS/i-ZnO masked and ii) Resist mask removed iii) ZnO:Al added and cells isolated. Part of 1
Si0, + Ti/Au layers added the Ti/Au revealed by etching away ZnO:Al
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o=
el
=
Q
c
Q
O
& 184
N
T
16 T r|r||r|| T T Illlllr T T II'|II|'| T III'II'|I|
2 3 4 5
10 10 10 10
2
J_, (MA/cm?)

Go WO T @ | : * N=21.3% @ 475X concentration for 50 um micro

ITLD[1.7mm | 1.00kV [17 485 x |3

solar cell
M. Paire et al., J. Renewable Sustainable Energy 5, 011202 (2013).
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Top-down fabrication to demonstrate proof-of-concept NANCTECHNOLOGY

e Etch top contacts and absorber using photolithography defined mask and protect with epoxy
from shunting

0
D'ILE-DE-FRANCE

- ZnO:Al -
i-Zn0 i-ZnO

~ buffer
Absorber

i) Mo/CIGSe/CdS/i-ZnO/ i) Resist mask removed iii) Micro cells revealed iv) ZnO:Al added and cells

Absorber

Zn0O:Al masked and and epoxy resin layer and protected by mask isolated. Part of the Ti/Au
etched twice added with Ti/Au contact revealed by etching away
layer added ZnO:Al

M. Paire et al., Thin Solid Films 582, 258 (2015).

www.inlint | Sascha.Sadewasser@inl.int 12



Fabrication Approaches

Top-down fabrication to demonstrate proof-of-concept
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e Etch top contacts and absorber using photolithography defined mask and protect with epoxy

from shunting

i) Mo/CIGSe/CdS/i-ZnO/
Zn0O:Al masked and
etched twice

ii) Resist mask removed
and epoxy resin layer
added

layer added
1.0
09 “a:‘,:‘n‘«-‘-"m.t
] ,e o hn A “ l' B
0s{ ,’.,‘,:}t .
0.74 ge o
0.6 X
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M. Paire et al., Thin Solid Films 582, 258 (2015).

iii) Micro cells revealed
and protected by mask
with Ti/Au contact

iv) ZnO:Al added and cells
isolated. Part of the Ti/Au
revealed by etching away
ZnO:Al

18 -
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s gat
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10*

* N=18% @ 900X concentration (40um cell)
Well passivated edges confirmed by LBIC

and PL measurements
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Bottom-up fabrication to demonstrate materials savings potential NANCTECHNOLOGY
* CIGSe by electrodeposition on micro-electrodes IN t..“\
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Fabrication:

* Photolithography and reactive ion

etching for etching holes into a SiO,
layer on Mo back contact

* Electrodeposition of CulnSe, into
holes and selenization

* Finish solar cell device by regular
CdS and ZnO deposition

S. Sadewasser et al., Sol. Energy Mater. Sol. Cells 159, 496 (2017).
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Bottom-up fabrication to demonstrate materials savings potential
* CIGSe by electrodeposition on micro-electrodes =S
) @ & & ‘.‘\ Y
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* Poor cell performance
S. Sadewasser et al., Sol. Energy Mater. Sol. Cells 159, 496 (2017).
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Fabrication Approaches

Bottom-up fabrication to demonstrate materials savings potential
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* CIGSe by electrodeposition on micro-electrodes

Je mA/em?®) Voo (mV)  FF (%) | 4 (%) | Width (sm)
0.1 cm? 33.2 587 56.4 11.0 3160
1105 pm 30.3 449 56.1 7.64 1105
105 pm 30.2 368 48.3 5.38 105

A. Duchatelet al., Appl. Phys. Lett. 109, 253901 (2016).

100 ! 1 1 1 I e
100 — : { J
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-50 T T T T T T
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Voltage (V)

* 1n=5.38% for 105 um wide line-shaped cell

under 1 sun illumination
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Fabrication Approaches
Bottom-up fabrication to demonstrate materials savings potential
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* CIGSe by electrodeposition on micro-electrodes
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N &

5|Cl2 I i

(e) larger micro electrode

(f) larger micro electrode °
D. Correia et al., Results in Physics 12, 2136 (2019).

ING5

INTERNATIONAL IBERIAN
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LABORATORY

UNIVERSITE DU
LUXEMBOURG

* Electrodeposition on micro-electrodes is faster
due to species arriving from non-depositing areas
Balance of electrode size and diffusion length
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Bottom-up fabrication to demonstrate materials savings potential NANOTECHNOLOGY
* CIGSe by electrodeposition on micro-electrodes s
e
I N L."\i
T T T T T T TN T—TT T —T—T-TTTTn] 60 r r , . T . T e I
° Pl setup - — ?lark' ted AM1.5 (1 L
IV setup - illuminate .5 (1 sun) "
4r . V_ =396 mV,
< | 30} , 1 !
> ‘.“E J =-25.2mAcm
Z 3} . = UNIVERSITE DU
g | | < | F':_"Ar%ff LUXEMBOURG
@ = e
© 2f 1= o0
= ™
L
1} 1
ok J -30F .
0.01 0.1 1 10 100 -200 0 200 400
Intensity (sun) V (mV)

* N=4.8% @ 1 sun for 200 um micro solar cell

. . . * N=4.6% @ 35X concentration for 200 um micro
D. Correia et al., Results in Physics 12, 2136 (2019).

D. Correia et al., Proc. IEEE PVSC, 794 (2018). solar cell with 2 % @ 1 sun
D. Siopa et al., submitted (2020).
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Fabrication Approaches
Bottom-up fabrication to demonstrate materials savings potential

» Site-controlled indium deposition and conversion into CIGSe HZZBHemBhon :N:fj:;:;;unu
| Glass
1L Laser Structuring
PVD of Molybdenum
gy oS ey g/ oS oS
. PVD of Indium __InlIslands
o i — — — Mo Layer
—Glass

B. Heidmann et al., Materials Today Energy 6, 238e247 (2017).
F. Ringleb et al., Beilstein J. Nanotechnol. 9, 3025 (2018).
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Bottom-up fabrication to demonstrate materials savings potential NANCTECHNOLOGY
. . . oy e . . UNIVERSITAT
* Site-controlled indium deposition and conversion into CIGSe HZB..... BUISBURS
Zentrum Berlin

| Glass a)
Laser Structuring CUSE +etchmg

Il +0u Cu + Se
_ﬂ_ __

|l PVD of Molybdenum

il 1 Ar* plasma
'l PVD of Indium "2 Bolaton etchmg + CdS c)

~ _InIslands + Zno
—Glass

B. Heidmann et al., Materials Today Energy 6, 238e247 (2017).
F. Ringleb et al., Beilstein J. Nanotechnol. 9, 3025 (2018).
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. . . - . . UNIVERSITAT
* Site-controlled indium deposition and conversion into CIGSe HZB..... BUISBURS
Zentrum Berlin
| Glass a)

I Laser Structuring CUSE‘ +etchmg

+Cu
__ __

|l PVD of Molybdenum
i Ar* plasma
'l PVD of Indium 8 Isolation etchmg + CdS C)
P In Islands 5 ZnO
atomic(y 0.2 illuminated
() 2-
Q 25 50
<
0.1 * N=2.9% @ 1 sun for
=
- 100 micro solar cells
S
© of 40 um
Cu In fal
010 . ; * 1’]=3.1%@3X
B. Heidmann et al., Materials Today Energy 6, 238e247 (2017). sl Voltage (V) concentration

F. Ringleb et al., Beilstein J. Nanotechnol. 9, 3025 (2018).

www.inlint | Sascha.Sadewasser@inl.int 21



Fabrication Approaches INE?‘,\

INTERNATIONAL IBERIAN
NANOTECHNOLOGY

Bottom-up fabrication to demonstrate materials savings potential
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* Site-controlled indium deposition and conversion into CIGSe HZB...... BUISBURS
Zentrum Berlin

e LIFT — Laser-induced forward transfer

Pulsed 30 fs

ke | ’
Laser | ——-1800 nm,
beam Single pulse

150 um
separation

Transferred

% i Iyl material

\4

Back-contact 800 nm, Mo

S. Andree et al., Appl. Phys. A 123, 670 (2017).
B. Heidmann et al., ACS Appl. Energy Mater. 1, 27 (2018).
F. Ringleb et al., Beilstein J. Nanotechnol. 9, 3025 (2018).

www.inl.int | Sascha.Sadewasser@inl.int 22



Fabrication Approaches
Bottom-up fabrication to demonstrate materials savings potential

INTERNATIONAL IBERIAN
NANOTECHNOLOGY
LABORATORY

» Site-controlled indium deposition and conversion into CIGSe

HZB UNIVERSITAT
ZentrHueerBr:e?:it; DEUS lSSEBNU R G

Pused| | 1306, CiSe array on Mo
Laser | — 800 nm,
beam Single pulse | e e T o NIV L
Al:ZnO
150 pm
separation Transferred
material
| |
Back-contact 800 nm, Mo ZnO
CdS

ClSe island photoresist

1.0 :
oo 0.25 : - —0.30
054 i ——3 Suns O
«(,'5 ) —25 Suns . 025
= ——— 10 Suns 0.20 - ———
&’i 7 ——15Suns | '*""l-.._.h —
=0.0 — 20 Suns "10.20 &
e —igm | sos: =
= ] - = (&}
5 T/ —60S I
Cosl—] —?5sﬂ:: o 0.15 E
ﬂfﬁ ] = togms | = 0107 010 &
——— 100Suns . T
1o * N=0.24% @ 20 suns
02 01 00 01 02 03 04 05 0.05 1 L0.05 ]
Voltage (V) : for 25 micro solar cells
S. Andree et al., Appl. Phys. A 123, 670 (2017). 0.00 1 s '1'0(‘)3‘-00 of 100 um
B. Heidmann et al., ACS Appl. Energy Mater. 1, 27 (2018). C (Suns) H

F. Ringleb et al., Beilstein J. Nanotechnol. 9, 3025 (2018).
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CIGSe micro-concentrator thin-film solar cells
(a) 227 475X ™ Top-down fabrication (b) [ - Top-down fabrication
20 - W : .P 1 sun - 1000X : 1sun
1000x () 1 21X @) 7475 721X ot o
i | 8 ] (o) R 62X
— o () | G (&) | E 1)
& 14f [ & 1 S 600} 13 ]
5 12:’ : g_ lines T é : g
EJ 6 :8 (Tl) >8 400 :§ (M lines
o L (= - - I - . a
£ " e Wi ™ * Top-down fabrication leads to
4t ax ! 'f - 20X | . . :
N Gk P 1200 syl B . higher efficiencies and Vs
L o, & - - : L : ' : - - * Relative efficiency and V.
10° 10°  10*  10° 10" 10 10° 10° 10 107 10°  10° .
(c) s Area (cm?) (d) Area (cm’) gains are close to expected
<l ] ) 2s0) (B)- behavior
£ 67 2001 LoEa) * Relative efficiency and Voc
N 0 . 1 A < i ' . ..
g KRN O= o £ 150l ORI gains are similar for top-down
S 4T - %) m() = o) .
£ ()" s . and bottom-up approaches
o o) g100f
= () - @
(_;) ot o) ]l > 0. (k) (s)
2 Bl Top-down fabrication 50 B e -° Bl Top-down fabrication
L * @ Bottom-up fabrigation | - @ Bottom-up fabrigation
0 '(H) : gd I-2- Expected behavior | 3 O 1 - - -Iszpected behavior Eq. (1) : )
10 10 10 10 10 10
Concentration factor Concentration factor M. Alves et al., J. Phys.: Energy 2, 012001 (2020).
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Combination with Concentration Optics
Micro-concentrator thin-film photovoltaics
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Aperture Primary lens _ S[;I:gglial Secondary
s 2 d Diameter=500um | Primary lens
Variable radius Optic
of curvature
LHNGTSOJOLTLIlOJU-Er
D'ILE-DE-FRANCE
Thickness H
600pum <H< 1100um 500 :
Secondary lens , e /
Variable diameter Secondary T /]
Variable radius ~ —  Optic 3
-500 -
of curvature (optional) &
2
. Spacer 2 1000
v — = ;
Glass Substrate = Microcell g e
Diameter=50um o Reference array
-2000 S FE - Secondary lenses
____________________ - —— Complete system 0,9 suns
- - - Complete system 1 sun*
-2500 . : : . . T - u
0.0 02 0.4 06 08
Voltage (V)
Jsc (mA fem?) Voc (V) FF (%) C Factor (exp.) C Factor (th.) Efficiency (%)
Reference array 30.6 504 596 1x 1x 10.8
Reference secondary lenses 799 727 71.9 26.1x 24.7x% 13.5
Complete system (0.9 suns) 1978 747 65.5 64.6% 65.7% 12.4 _ _
Complete system (1 sun)* 2198 757 65.2 71.8x% 73.1x 12.6 S. Jutteau et al., Applied Optics 55, 6656 (2016).
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* CIGSe micro-concentrator photovoltaics is a promising approach to reduce the requirement for critical
raw materials

* Top-down fabrication of CIGSe micro solar cells has demonstrated up to 21.3 % efficiency at 475X
concentration

* \Various bottom-up fabrication routes have been demonstrated, currently still lower efficiencies

* Combination with micro optics has been demonstrated

“Thin-film micro-concentrator solar cells”

M. Alves, A. Pérez-Rodriguez, P.J. Dale, C. Dominguez, S. Sadewasser, J. Phys.: Energy 2, 012001 (2020).
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