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NIR-transparent flexible perovskite mini-module using laser-scribing
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Flexible NIR-transparent perovskite mini-module with an efficiency of 10.88% and a geometric
fill factor (GFF) of over 93% is developed using an all laser-based patterning approach. In
combination with a CIGS flexible mini-module, a proof of concept flexible 4T tandem mini-

module with 18.4% efficiency is demonstrated.
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Figure S1. Schematic representation of vison of future manufacturing production unit of flexible perovskite-CIGS tandem
module.
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Figure S2. Absorbance of commercial ITO and 10:H coated flexible PEN substrate.

P1 scribe on glass substrate with 10:H P1 scribe on flexible substrate with 10:H

Removed |O:H electrode with no damage Removed IO:H electrode with severe
to glass substrate damage to the flexible foil
Figure S3. P1 scribe comparison of (a) Rigid, and (b) Flexible substrate with 10:H electrode. A laser fluence of 2.4 J/cm?

with 12 repetitions is used to carry out P1 scribe. The laser pulse induce damages to the flexible foil making them unsuitable
for further processing.
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Figure S4. Confocal image of sample with different laser fluence for P2 scribing optimization. The elliptical areas indicate the
residue after P2 scribing and the boxes represent ablation of bottom 10:H electrode.
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Figure S5. FIB SEM image showing the (a) delamination of the 1ZO electrode, and (b) extend of rupture cross section after
P3 scribing.

Table S1. Summary of photovoltaic parameters of best performing NIR-transparent perovskite solar cells and mini-modules
without any ARC coating.

Voc V) | Jgc (MACM?) | FF (%) | PCE (%)

. .. oc SC Area (cm?2
Flexible solar cell/mini-module (em?)
NIR-transparent perovskite so- 105 1453 2104 10.98 0.09

lar cell
N IR-trangpgrent perovskite 3.20 4.71 69.84 10.56 2.20
mini-module
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Figure S6. (a) JV and (b) MPP efficiency characteristics comparison of NIR-transparent perovskite solar mini-module illu-
minated through 10:H (blue) and 12O (black) electrode.

Millikehin

Figure S7. Dark lock-in thermography image of perovskite mini-module under high injection forward bias condition. As a
guide to the eye, the thermal scale is attached to the image.

Figure S7 shows the dark-lock in thermography image of a mini-module probed at a voltage
exceeding their Voc under forward bias condition under a specific lock-in frequency. Under
this condition, the diode current flows through the semiconductor with certain series resistance
and results in heat dissipation (Joule's heating effect). The emitted thermal radiation from the
surface is then captured by a thermal infrared camera to provide the thermal emissive profile of
the sample. The lock-in thermography confirms the presence of 3 subcells that are monolithi-
cally interconnected. The red box indicates the region near the scribe lines were the a non-
uniform coating in the form of streaky lines are visible. The scribing lines act as disruption to

flow of the solvent in the spin-coating process. These streaky patterns are more profound at the
5
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exterior region of the sample where the outward centrifugal force is maximum.
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Figure S8. MPP efficiency characteristics of stand-alone CIGS mini-module, and perovskite and CIGS mini-module in 4T
tandem configuration.
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Figure S9. Laser scribing layouts for NIR-transparent perovskite mini-module on flexible substrate. A magnified view of the
interconnection region is provided to view the P1 (black), P2 (red) and P3 (blue) interconnection coordinates. A fiducial
marker based alignment system (represented with a black crosshair) is used as the reference point to carry out P1, P2 and
P3 scribing with improved precision.
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Figure S10. Laser scribing layouts for CIGS mini-module on flexible substrate. A magnified view of the interconnection region

is provided to view the P1 (black), P2 (red) and P3 (blue) interconnection coordinates. Similar to perovskite mini-module, a
fiducial marker system (with a black cross hair) is used as the reference point to carry out P1, P2 and P3 scribing.

Table S2. Summary of perovskite-CIGS 4T Tandem solar cells/mini-modules published in literature.

Institute Jsc @) Voc FF PCE Tandem Area Year Reference
(mA cm?) (V) (%) (%) PCE (cm?)
(%)

Stanford U. 17.5/10.9 1.02/0.68 71.0/78.8 12.7/5.9 18.6 0.39/0.39 2014 [1]
Empa/EPFL 16.7/14.4 1.03/0.66 70.3/77.4 12.1/7.4 195 0.28/0.21 2015 [2]
Empa 17.4/12.7 1.10/0.66 73.6/74.9 14.1/6.3 205 0.52/0.21 2015 [3]
Empa 19.1/15.3 1.12/0.43 75.4/73 16.1/4.8 20.9 0.28/0.21 2016 [4]
Empa 19.1/12.1 1.12/0.67 75.4/73.6 16.1/6.0 22.1 0.28/0.21 2016 [4]
U. Washington 15.8/17.0 1.07/0.48 74/62.0 12.5/5.1 18.7 NA/0.11 2017 [5]
U. Washington 15.8/12.6 1.07/0.61 74/68.2 12.5/5.2 18.8 NA/0.11 2017 [5]
SinBeRISE/NTU 20.1/15.2 0.98/0.47 78.1/64.6 15.3/4.0 20.7 0.09/0.16 2017 [6]
Empa # 16.1/12.6 1.08/0.63 68.5/77.3 11.9/6.1 18.2 0.15/0.21 2017 [7]
Imec/KIT 9.7/11.2 6.31/2.58 72/76 11.7/5.8 17.8 3.76/3.76 2017 [8]
ANU 21.8/13 1.14/0.62 74/72 18.4/5.8 23.9 0.3/0.5 2018 [9]
Empa # 18.7/12.0 1.06/0.65 68.9/71.6 13.7/5.6 19.6 0.15/0.21 2018 [10]
Imec 11.1/10.6 7.10/2.68 73/75.6 14.4/5.7 20.1 4/3.8 2018 [11]
NREL 19.6/15.6 1.14/0.72 76.8/79.2 17.1/8.8 25.9 0.06/0.42 2019 [12]
Empa 19.2/18.6 1.12/0.58 75.2/74.2 16.1/8.0 24.1 0.57 2019 [13]
Empa/Solliance 20.8/19.4 1.03/0.56 79.8/74.2 17.2/8.1 25.0 0.57 2019 [13]
ZSWIKIT 15.3/8.0 23.3 0.24/0.50 2019 [14]
ZSWIKIT 15.0/8.0 23 0.50/0.50 2019 [14]
KIT 19.7/13.6 1.16/0.71 78.7/78.1 18.0/7.5 25.0 0.22/0.50 2020 [15]
Empa 22.9/17.5 1.09/0.56 70.6/73.7 17.62/7.3 24.6 0.3/0.51 2020 [16]
Soochow University # 16.3/12.8 1.18/0.63 77.5/75.5 15.02/6.0 21.06 0.07 2020 [17]
Empa/EPFL 24.5/14.3 1.12/0.55 78.2/72.4 21.4/5.7 27.1 0.09/0.57 2022 [18]
This work # 4,73/3.18 3.32/3.53 69.2/66.9 10.9/7.52 184 2.20/2.03 2022 This work

a) The PV parameters of the top and bottom cells are separated by a slash.
# represents work carried out on flexible substrate.
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