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Supplementary Note 1. Tunnel recombination junction for all-perovskite tandem solar

modules

This note provides a comparative analysis between the proposed solution-processed In>O3
NC recombination layer and the conventionally used sputtered ITO, specifically addressing their
applicability in monolithic all-perovskite tandem solar modules. While sputtered ITO is a mature
and effective material for small-area tandem cells, its implementation in large-area interconnected
modules introduces a critical challenge related to the P2 interconnection structure. In
monolithically interconnected tandem modules, the P2 channel directly exposes the recombination
layer, creating a lateral electrical pathway between adjacent subcells. When the recombination
layer exhibits high lateral conductivity, as is the case with sputtered ITO, this pathway can cause
short-circuit between subcells, inducing leakage currents and reducing shunt resistance. This effect
becomes increasingly pronounced as the module area increases, where longer P2 interconnection
channels amplify lateral current leakage.

The solution-processed InoO3 NC layer is specifically designed to address this module-level
limitation. Unlike sputtered ITO, which forms a dense and continuous conductive film, the In,O3
NC-based layer forms a nanocrystal-interconnected network with inherently limited lateral
conductivity while preserving excellent vertical charge recombination. This anisotropic
conductivity effectively suppresses P2-induced leakage pathways without compromising the
vertical charge recombination required across the tunnel junction. Additionally, the solution
processability of InOs3 NCs enables low-temperature deposition without sputtering-induced
damage and provides a scalable route compatible with large-area coating processes.

To verify these advantages, we provide a direct experimental comparison between different
recombination layers at both the cell and module levels, as shown in Supplementary Fig. 1. Our
results demonstrate that while sputtered ITO performs adequately in small-area tandem cells
(0.049 cm?, Supplementary Fig. 1a and b), it leads to significant performance degradation in
modules (65 cm?) due to reduced shunt resistance and increased leakage current (Supplementary
Fig. 1¢). In contrast, the nanocrystal-based recombination layer effectively suppresses P2-induced
shunting and maintains high module performance (Supplementary Fig. 1d). These results
demonstrate that the In2O3-based recombination layer addresses a module-specific limitation of
conventional sputtered TCOs, establishing its practical and scientific significance for high-

performance all-perovskite tandem solar modules.
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Supplementary Figure 1 | Photovoltaic performance of all-perovskite tandem solar cells and
modules using different recombination layers. (a) Configuration diagram of tandem structure
using different recombination layers; (b) J-V curves of the all-perovskite tandem solar cells using
different recombination layers; (c) Configuration diagram of the shunting in tandem solar modules

while using sputtered TCO as recombination layers; (d) J-V curves of the all-perovskite tandem
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Supplementary Figure 2 | Synthesis of In203 nanocrystals. (a) TEM image of In2O3
nanocrystals. (b) HAADF-EDS of In2O3 nanocrystals. (c) SEM images of InoO3 nanocrystal films
by blade-coated on the ITO substrate. (d) XRD pattern of In,O3 nanocrystals.
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Supplementary Figure 3 | [-V curves of the TRJs with different recombination layers. Insert is

the device structure.
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Supplementary Figure 4 | Morphology comparison of ITO and In203 NCs. (a) TEM image of

purchased commercial ITO NCs. (b) TEM image of self-synthesized In,O3 NCs. (c) Particle size
statistics of ITO and In O3 NCs.
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Supplementary Figure 5 | Thermal stability of the Pb-Sn PSCs. (a) Thermal stability tracking
of the PEDOT-PSS-based and HTL-free Pb—Sn PSCs aged at 85 °C for 400 hours. (b) XRD
patterns of the perovskite films on PEDOT-PSS or bare ITO after 400 hours of thermal aging. The
film on PEDOT-PSS shows initial signs of degradation. (c) Cross-sectional SEM images of the
PSCs with PEDOT-PSS or bare ITO after the 400-hour thermal aging test.
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Supplementary Figure 6 | Digital photo and zoomed-in SEM images of the large-scale
DMF:DMSO-based Pb-Sn perovskite film deposited on 10x10 cm? substrate while using an
optimal coating speed of 3 mm/s. The perovskite film shows pinholes because of the slow

nucleation, leading to ununiform crystallization.
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Supplementary Figure 7 | Boiling point, vapor pressure, and evaporation rate comparison of

different solvents (eg. DMF, DMSO, 2-Me and THF).
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Supplementary Figure 8 | Solvent comparison for Pb-Sn perovskite. (a) Digital photos of the
Pb-Sn perovskite precursor. Left is the Pb-Sn perovskite dissolved in DMF:DMSO with the
concentration of 2.4M, right is the Pb-Sn perovskite dissolved in 2-Me with the concentration of
1.4M; (b) Digital photos of the Pb-Sn perovskite precursor using mixed 2-Me:THF. The volume
ratios of THF are 20% (left) and 30% (right), respectively. Slight precipitate can be observed at
30%.
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Supplementary Figure 9 | Large-area fabrication of Pb-Sn perovskite films. (a) The optimal
coating speed using gas-assisted blade coating for different-sized substrates. (b) Target Pb-Sn

perovskite using 2-Me:THF deposited on a 22x22 ¢cm? substrate.
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Supplementary Figure 10 | Film uniformity of the large-scale DMF-based and 2-Me-based
Pb-Sn perovskite films. (a) Film thickness uniformity of the DMF-based and 2-Me-based Pb-Sn
perovskite films; (b) Film thickness evolution along with the coating direction; (c) Statistics of
perovskite film thickness deposited on 10x10 cm? substrate using DMF:DMSO and 2-Me:THF.
The perovskite film based on 2-Me:THF exhibits better thickness uniformity than that based on
DMF:DMSO.
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Supplementary Figure 11 | Optoelectrical uniformity of the large-scale DMF-based and 2-
Me-based Pb-Sn perovskite films. (a) PL mapping images of DMF-based and 2-Me-based
perovskite films of 8x8 cm? region at the center of 10x10 cm? substrates. (b) Different pixel
efficiencies using 2-Me-based Pb-Sn perovskite within the 10x10 cm? substrate. (c) The efficiency
uniformity of the PSCs from the 10x10 cm? substrate fabricated using 2-Me-based solvent is much
better than those fabricated by DMF-based solvent. 16 devices from (b) with aperture area of 0.049

cm?. The error bar represents the standard deviation.
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Supplementary Figure 12 | Comparison of different solvent systems. (a) Film thickness
evolution along with the coating direction based on 10x10 cm? substrates. (b) XRD patterns of
Cso.35FAo.65Pbli sBr1.2 wide-bandgap perovskite using different solvent systems. (c-¢) EQE spectra
and corresponding integrated Jsc of wide-bandgap topcell fabricated using different solvent
systems in tandem solar modules. During this evaluation, however, the previously reported green
solvent system ! produced a noticeable thickness gradient across the substrate. We attribute this
behavior to the relatively high DMSO fraction in the formulation, which slows solvent evaporation.
Under large-area blade-coating conditions, where the surface-to-volume ratio decreases and the
coating speed must be balanced with gas-assisted drying, the slower evaporation kinetics make it

difficult to maintain uniform crystallization across the entire substrate.
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Supplementary Figure 13 | Large-scale fabrication of wide-bandgap perovskite solar
modaules. (a) Digital photos of a 10x10 cm? wide-bandgap perovskite film. (b) J-V curves of the

best-performing single-junction wide-bandgap perovskite solar modules.
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Supplementary Figure 14 | Schematic diagram of the series-connected all-perovskite TSM design

and structure.
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Supplementary Figure 15 | Pb-Sn perovskite single-junction solar cells. (a) Schematic diagram
of the structure of the Pb-Sn perovskite single-junction solar cell using TRJ as HTL. (b) J-V curves
of corresponding Pb-Sn PSCs using different TRJs as HTL.
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Supplementary Figure 16 | Synthesis of ITO NCs. (a) TEM image of the self-synthesized ITO
NCs. (b) Particle size statistics of ITO NCs. (c) HAADF-EDS of ITO NCs.
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Supplementary Figure 17 | Optoelectrical property comparison. (a-b) Absorptance of different

thickness of (a) ITO NCs and (b) In2O3 NCs using concentration from 2 mg/mL to 10 mg/mL. (c-

d) Module performance comparison between ITO NCs and InoO3 NCs using concentration from 2

mg/mL to 10 mg/mL.
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Supplementary Figure 18 | Optical simulations. Optical simulation of all-perovskite tandems
using (a) 30-nm thickness of ITO NCs and (b) 10-nm thickness of InyO3 NCs. (c) Thickness
sensitivity and (d) roughness sensitivity of all-perovskite tandems between ITO NCs and In203

NCs as recombination layer.
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Supplementary Figure 19 | Electrical simulations using SCAPS-1D. (a) Electrical simulation
of Pb-Sn perovskite solar cell configuration. (b) Simulated performance of the Pb-Sn perovskite

solar cells with changed total trap density of InoO3 NC and the interface of InoOs/perovskite.
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Supplementary Figure 20 | Performance and scalability of phosphonic acid-based carbazolyl
derivatives in all-perovskite tandem solar cells and modules. (a and b) Schematic structure of
the tandem device employing (a) SAM-modified InoO3 NCs and (b) conventional type-I structure.
Each right panel shows the corresponding statistical performance distribution of small-area cells
and large-area modules. 10 devices for each type. The error bar represents the standard deviation.
(c) J-V curves of 0.049-cm? all-perovskite tandem solar cells using type-I structure and SAM-
modified ITO or In,O3 NCs. (d) J-V curves of 65-cm? all-perovskite tandem modules using the
same configurations. A significant loss in FF upon scaling is primarily caused by the limited

scalability of the SAM, which restricts carrier transport.
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Supplementary Figure 21 | Molecular structural formulas of a library of hole-selective
molecules. 2PACz: (2-(9H-carbazol-9-yl)ethyl)phosphonic acid; Br-2PACz: (2-(3,6-Dibromo-
9H-carbazol-9-yl)ethyl)phosphonic acid; MeO-2PACz: (2-(3,6-Dimethoxy-9H-carbazol-9-
yl)ethyl)phosphonic acid; Me-4PACz: [4-(3,6-Dimethyl-9H-carbazol-9-yl)butyl]phosphonic Acid;
MeO-4PACz: [4-(3,6-Dimethoxy-9H-carbazol-9-yl)butyl|phosphonic Acid; FMP:
((perfluorophenyl)methyl)phosphonic acid; MeO-PhPACz: (4-(3,6-dimethoxy-9h-carbazol-9-
yl)phenyl)phosphonic acid; Poly-4PACz: Poly(carbazole phosphonic acid); PTZ-CPA: (2-(4-
(10H-phenothiazin-10- yl)phenyl)-1-cyanovinyl)phosphonic acid.

27/175



S 080 [ \
8 : I
>
0.75 ‘T‘
0.70
34
32 T
E HL
< 30
E T
= 28
26
84
81
—_ I
<78
[T
L 75
72
23
21 .
g
L 19 s
O
o
17 [
—
[ ——
> 4 1 1 4 1 o 1 1 v
© O O O O O o W O Q
C§° d?? ﬁ§V dg? §§P ﬁgV' 4% <ﬁg S?P A
Q)(‘ @Q’ (@) o c§\ Q

Supplementary Figure 22 | PCE comparison of PSCs using different HSMs. 12 devices with
aperture area of 0.049 cm? were evaluated at each condition, and data are presented as mean +

standard deviation.
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Supplementary Figure 23 | Photovoltaic performance of Pb-Sn perovskite solar cells with

different additives.
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Supplementary Figure 24 | (a) Energy band alignment from UPS results between In2O3 NCs-
MMPA and Pb-Sn perovskite with different HSMs. (b) J-V curves of the Pb-Sn perovskite solar
cells with different HSMs.
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Supplementary Figure 25 | Schematic energy diagram of work function (®), Fermi edge
(Erermi) and ionization energy (IE) on a semiconductor. We use /E,,;,, = hv — |E,iutof r_
Ef ermi| to determine the valence band maximum under bias voltage. The Fermi edge in bandgap

can be determined without bias voltage.
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Supplementary Note 2. Ligand selection and surface engineering of In20O3 nanocrystals

Surface ligands for In,O3 nanocrystals were designed through a stepwise ligand-engineering
strategy to achieve stable surface anchoring, compatibility with industrial green-solvent processing,
and tunable interfacial energy-level alignment while preserving nanocrystal size and crystal
structure.

Oleylamine (OAm) was used as the initial ligand during nanocrystal synthesis. As a typical
L-type amine ligand, OAm coordinates with precursor species and regulates nucleation and growth
kinetics, enabling precise control over nanocrystal size, morphology, and crystallinity. However,
the long hydrocarbon chain of OAm increases interparticle tunneling distances and limits charge
transport?, and OAm-capped nanocrystals are typically dispersible only in nonpolar solvents such
as toluene, which are incompatible with industrial green-solvent processing.

To enable green-solvent processing, mono-2-(methacryloyloxy)ethyl succinate (MMES) was
introduced via ligand exchange. MMES contains a carboxylic acid anchoring group capable of
coordinating with surface In** sites and polar functional groups compatible with the industrial
solvent propylene glycol monomethyl ether acetate (PGMEA)**. Replacement of OAm by MMES
forms stable carboxylate—In coordination and enables stable nanocrystal dispersion in PGMEA
without altering nanocrystal size or crystallinity. The surface binding of MMES was confirmed by
broadened "H NMR signals after ligand exchange, while TEM and XRD measurements verify that
the nanocrystal morphology and lattice structure remain unchanged.

To further tune the electronic structure, the ligand MMPA was designed by introducing a
conjugated phenyl unit into the MMES framework. This modification increases molecular rigidity
and modifies the molecular dipole, thereby modulating the interfacial electrostatic environment.
Ultraviolet photoelectron spectroscopy (UPS) shows that ligand modification systematically shifts
the Fermi level of In,O3 nanocrystals from —3.62 eV (OAm) to —4.49 eV (MMES) and —4.86 eV
(MMPA), demonstrating that ligand-induced dipole engineering enables precise tuning of the

nanocrystal work function and interfacial energy-level alignment.
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Supplementary Figure 26 | Characteristics of In2O3 NCs with different ligands. (a) FTIR
spectra and (b) XRD patterns of InoO3 NCs with different ligands. TEM images of (¢) MMES- and

(d) MMPA-capped InoO3 NCs. The morphology of the InoO3 NCs remained unchanged following
the ligand exchange.
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Supplementary Figure 27 | Energy band diagrams at the interface of the target perovskite
film and In203 NCs with different ligands. The perovskite shows energy barriers while contact

with OAm- and MMES-capped In2O3 NCs, hindering the hole transport at the interface.
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Supplementary Figure 28 | Current-voltage traces and trap density of Pb-Sn perovskites as
determined by the SCLC method. (a) Hole-only device structure constructed to obtain the hole
trap density. The trap density Nisp is determined by the equation: Vrrr=qNirapL?/(2€€0), where Ve
is trap-filled limit voltage, L is the thickness of perovskite film, ¢ is the relative dielectric constant

of perovskite, and &g is the vacuum permittivity. (b-d) I-V curves of the hole-only devices using
In,03 NCs with (b) OAm, (¢) MMES and (d) MMPA.
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Supplementary Figure 29 | Measurement of hole mobility by the SCLC model. (a) Device
structure constructed to obtain the hole mobility. The hole mobility pn is determined by the Mott-

Gurney law: un=8JL3/(9e0e;V?), where J is the current density, L is the thickness of In,O3 NCs, g

J1/2

is the vacuum permittivity, and e is the dielectric permittivity of InoO3 NCs. (b-d) J'“-V curves of

the hole-only devices using In2O3 NCs with (b) OAm, (c) MMES and (d) MMPA.
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Supplementary Figure 30 | Differential lifetime of control and target perovskite films deposited

on MMPA-In>O3 NCs/glass substrates.
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Supplementary Figure 31 | Photovoltaic performance statistics of control and target Pb-Sn
PSCs with reduced PEDOT-PSS thickness. (a) Voc. (b) Jsc. (¢) FF. The statistical PCE is shown
in Fig. 2e. 10 devices for each type with aperture area of 0.049 cm?. The boxes and whiskers

represent the standard deviation and the maximum and minimum of the distributions, respectively.
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Supplementary Figure 32 | Film morphology and device performance with different
concentration of the incorporated HSM. SEM images of the perovskite films with different
concentration of the incorporated HSM, (a) 0.1 mol%; (b) 0.2 mol%:; (c) 0.3 mol%; (d) 0.5 mol%;
(e) PCE statistics of the Pb-Sn PSCs, with different concentration of HSMs. The optimal condition
is 0.2% mole ratio. The box plots show the PCE distributions for devices fabricated with 7, 12, 10,
6, and 6 individual cells at each concentration, respectively. All devices have an aperture area of
0.049 cm?. The boxes represent the standard deviation, and the whiskers indicate the maximum

and minimum values of each distribution.
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Supplementary Figure 33 | Performance of the champion HTL-free device. (A) J-V curve of

the HTL-free device using target perovskite film. (B) Corresponding EQE spectra of the HTL-free

and PEDOT-PSS-based devices.
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Supplementary Figure 34 | Surface morphology of HSM incorporated Pb-Sn perovskites.
Top-, bottom-, and cross-view SEM images of control (a) and target (b) perovskite films. All the

scale bars are 1 pm.
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Supplementary Figure 35 | Film morphology of control (a) and target (b) Pb-Sn perovskite films
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and crystal domain statistics of corresponding control (c) and target (d) film. The target perovskite

film shows clean film surface with larger domains compared with control film.
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Supplementary Figure 36 | Top- and bottom-view of perovskite films with different HSMs. The

area indicated by the arrow is the boundaries with enriched HSMs.
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Supplementary Figure 37 | The surface morphology and performance of Pb-Sn perovskite
fabricated using DMF-based solvent system. (a-b) Top- and (c-d) bottom-view SEM images of

control and target perovskite films. (e) J-V curves of Pb-Sn perovskite solar cells.
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Supplementary Figure 38 | XRD patterns of the control and target Pb-Sn perovskite films.
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Supplementary Figure 39 | PL spectra measured from top and bottom surface. (a) The
excitation from both the top of perovskite film and the bottom of glass sides; (b) Steady-state PL
spectra of control and target perovskite films deposited on bare glass. The PL of the control
perovskite film shows identically strong, while the PL from the glass side of the target film is
higher than that from film side. It indicates that the buried anchored HSM reduces the interface
defects.

46 /75



a b

P2p | Target | o BarelTO P 2p
o Control o HSM coated
N 1 Washed
©  Target ITOlglass © DMF washed
- O Target-bottom Target-bottom — GJ(KQC&
S O ITO (perovskite moved) 3
< s Oégo oXe)
2 21 0 ' (4% %
5 “Mwm@w 2 5, e (0 5
"E %w % | %DOQUCD %
N = h0ecRngo 0.0
&%‘% 2 DRSS
%s&w% g
%%@&@ %@O@%&;m@ .
137 136 135 134 133 132 131 130 137 136 135 134 133 132 131 130

Binding energy (eV) Binding energy (eV)

Supplementary Figure 40 | The P 2p XPS spectra of different film surfaces. (a) Insert is a
schematic of the location of the XPS probe. It revealed that the distribution of HSM at the bottom
interface of the perovskite film was higher than that at the top surface, while no HSM residue was
found on the ITO surface after washing with DMF. (b) After DMF washing, the anchored self-
assembled molecular still existed on the ITO substrates. The phosphorus signal persists after
washing, confirming that the phosphonic acid anchoring group can form a stable bond with the
ITO surface when directly deposited. These results collectively demonstrate that in our solution-
processed architecture, HSM preferentially interacts with perovskite components during
crystallization rather than forming a SAM on ITO, explaining its removal together with the

perovskite phase upon solvent washing.
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Supplementary Figure 41 | FTIR spectra of HSM powder and control, target perovskite powders

scraped from ITO substrates.
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Supplementary Figure 42 | XPS spectra of the control and target Pb-Sn perovskite films. (a)

Pb 4£7/2 and (b) Sn 3d5/2. The decreased binding energies of Pb 4f7/2 and Sn 3d5/2 indicated the
formation of HSM-Pb/Sn adducts.
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Supplementary Figure 43 | Oxidation suppression with HSM incorporation. (a) Digital photo
of the Snl>:Pbl, mixed solution with and without HSM; (b) Corresponding optical absorption of
the solution with and without HSM; (c and d) XPS spectra of Sn 3d for (c) control and (d) target

Pb-Sn perovskite films.
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Supplementary Note 3. The optical-pump terahertz-probe (OPTP) measurements.

As a contact-free spectroscopic methodology, the optical-pump terahertz-probe (OPTP)
system has emerged as a powerful experimental platform for characterizing transient charge
transport phenomena in thin-film semiconductor architectures® . This all-optical configuration
circumvents measurement artifacts inherent to electrode-based characterization of mesoporous
systems. The non-destructive nature of terahertz (THz) radiation interrogation (photon energy
~4.1 meV at 1 THz) permits precise quantification of photoexcited carrier density and transport
characteristics via conductivity modulation analysis. Crucially, THz spectroscopic responses
remain selectively decoupled from excitonic polarization and trap-state interference, enabling
direct extraction of complex conductivity tensor components without reliance on Kramers-Kronig
reconstruction protocols.

Supplementary Fig. 44 presents comparative analyses of time-resolved THz transmission
modulations in control and target thin-film specimens (thickness: ~1100 nm) across multiple
excitation densities. Photocarrier generation was achieved using 1.55 eV laser excitation (spot
diameter: ~5 mm), with subsequent conductivity evolution monitored through phase-stable sub-
picosecond THz probe pulses. Spectral decomposition of both amplitude and phase parameters

was accomplished via electro-optic detection with temporal resolution below 100 fs.
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Supplementary Figure 44 | Free carrier dynamics of the control and target samples based on
OPTP method.

The frequency-dependent photoconductive response of the thin-film systems was determined
through simultaneous analysis of THz waveform amplitude attenuation and phase-shift

perturbations. Charge transport parameters were quantified using a modified Drude-Smith
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formalism accounting for carrier scattering dynamics and momentum relaxation effects. Notably,
in perovskite architectures with subwavelength dimensions (~600 nm thickness,), the surface-
confined conductivity tensor can be mathematically represented as®:

Ay T +n, AT(w,Al)
sheet ZO T(a))

(1)

Equation (1) defines the normalized THz field variation, where T(w) and
T.....(w,Ar) correspond to unperturbed and photoinduced transmission states, respectively.

Considering the minimal thickness contrast between the perovskite layer and quartz substrate, the

analytical framework incorporates optical constants of ambient atmosphere ( »,=1) and

crystalline quartz ( n,=mn_, =195 ). The derived conductivity values maintain strict

quartz
proportionality with the observed THz field variations through this analytical framework.

To explicitly address momentum relaxation anomalies in structurally disordered materials,
the Drude-Smith theoretical framework introduces a first-order correction term to the complex

conductivity tensor®:

2

A prude-smitn (@) = u L (1+ c,l ) (2)
1-ior 1-ior

Three parameters were obtained from experimental data fitting: Drude plasma frequency ,,
backscattering constant ¢, (ranging from -1 to 0), and momentum relaxation time 7. Free carrier
density § and mobility , were calculated using®:

N =¢g,0im’ /& (3)
p=er(l+c)/m 4)
Where m" =0.2m, denote the effective mass, ¢, the vacuum permittivity, and r the average

time interval.
Quantitative analysis employing the Drude-Smith formalism on the THz photoconductivity
datasets (Supplementary Fig. 45) revealed systematically enhanced charge transport metrics, with

extracted carrier mobility values of 20 and 36 cm? V' s7%, respectively.
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Supplementary Figure 45 | Frequency-dependent complex photo-induced conductivity of (a)

control and (b) target samples. The blue solid lines indicated the fitted Drude-Smith model.
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Supplementary Figure 46 | Digital photos of (a) the Pb-Sn perovskite film and (b) a single-

junction solar module deposited on 10x10 cm? substrates.
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Supplementary Figure 47 | Cross-sectional SEM of the all-perovskite tandem structure from a
TSM.
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Supplementary Figure 48 | Photovoltaic parameter statistics of 65-cm? all-perovskite TSMs.

12 devices for each type. The distribution curve represents the Gaussian fitting.
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Supplementary Figure 49 | Steady-state output of the champion TSM.
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Supplementary Figure 50 | The certificated results of (a) Type-I and (b) Type-III all-perovskite

TSMs with aperture area of ~65 cm? measured by Japan Electrical Safety and Environment

Technology Laboratories.
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Supplementary Figure 51 | Photos of the laser-scribing all-perovskite TSM deposited on 10x10
cm? substrate with an aperture area of 65 cm?. The left optical microscope shows that the death
width (from P1 left to P3 right) is about ~200 pm, achieving a high geometric fill factor of 96.5%.
The EQE uniformity is measured from the selected 16 points in the right digital photo.
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Supplementary Note 4. Optimization of laser scribing parameters for module fabrication.

This note provides supplementary details on the optimization of the laser scribing processes (P1,
P2, P3) used to fabricate the high-performance modules discussed in the main text. The
optimization focused on three key aspects: wavelength selection, dead zone width, and P2 scribing

energy.
1. Laser wavelength selection

To achieve clean and reliable pattern definition, three different laser wavelengths were evaluated
for the P1, P2, and P3 scribing steps: infrared (1064 nm), green (532 nm), and ultraviolet (355 nm).
The selection was based on the resulting scribe morphology, process stability, and material

compatibility.

Based on these criteria, the optimal configuration was determined to be a 1064 nm laser for the P1
step and a 532 nm laser for both the P2 and P3 steps. It is noteworthy that the 355 nm laser
produced ablation quality comparable to the 532 nm source, as illustrated in Supplementary Fig.
52. However, the 532 nm laser was ultimately adopted for the P2 and P3 processes due to its

superior operational stability and higher throughput in our experimental setup.
2. Optimization of interconnection dead area width

The total interconnection dead area was optimized to balance aperture efficiency against
manufacturing yield. This was achieved by systematically shifting the P2 and P3 scribes closer to

the P1 scribe, as depicted in Supplementary Fig. 53.

By adjusting the scribe positions, the dead zone width was successfully reduced from an initial
value of 200 um down to 160 um and 155 pm. However, electrical characterization revealed that
this reduction did not result in a significant improvement in the module's current density.
Furthermore, reducing the dead zone to 155 um increased the risk of electrical shunting due to
undesirable contact or intersection between the P1 and P2 scribes, leading to a noticeable decrease
in production yield. Consequently, a dead zone width of 160 pum was selected as the optimal

compromise, ensuring both high aperture efficiency and robust process reliability.

3. Optimization of P2 scribing pulse energy
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The P2 process, which requires the precise removal of the absorber layer to expose the underlying
transparent conductive oxide (TCO) without damaging it, was identified as the most critical step
for series interconnection. To determine the optimal processing window, the laser pulse energy for

the P2 scribe was varied systematically.

As shown in Supplementary Fig. 54, the pulse energy was increased from a regime of insufficient
ablation (where residual absorber material remained, hindering conductivity) to a regime of
excessive ablation (where the TCO layer was damaged). The optimal performance was achieved
at a pulse energy of approximately 37 uJ. At this energy level, the absorber was cleanly ablated,
leaving the TCO layer fully exposed and undamaged, which facilitates efficient series
interconnection. Module performance was found to degrade at energies both below and above this

optimal point, confirming the importance of precise energy control for this step.
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Supplementary Figure 52 | J-V curves of all-perovskite TSMs using 532-nm or 355-nm scribing

for P2 and P3.
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Supplementary Figure 53 | Performance of all-perovskite TSMs with P2 and P3 patterning
adjusted to reduce the dead area. The notation “20+40” indicates that P2 and P3 are shifted
toward P1 by 20 um and 40 pm, respectively, reducing the dead width from 200 pm to 160 um.
Similarly, “15+40” corresponds to shifts of 15 um and 40 um, also achieving a reduction from 200
pm to 160 um. For “20+45”, shifts of 20 um and 45 pm narrow the dead width from 200 pm to
155 pm.
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Supplementary Figure 54 | Performance of all-perovskite TSMs with optimized P2 scribing

power. (a) Digital photographs showing the

characteristics of all-perovskite TSMs fabricated

effect of P2 laser power variation; (b) J-V

with different P2 scribing powers.
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Supplementary Figure 55 | Summary of publicly reported all-perovskite TSMs (aperture area >
10 cm?).
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Supplementary Figure 56 | Initial performance of the encapsulated all-perovskite TSM used for

MPP tracking.
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Supplementary Figure 57 | XRD patterns of different structures by peeling off the electrode
and Pb-Sn perovskite layer in the TSMs after MPPT tracking. (a) Measured structure of
tandem structure with peeled Cu, top cell with peeled Pb-Sn perovskite layer and peeled Pb-Sn
perovskite layer attached to the glass substrate; (b and ¢) XRD patterns of type I (b) and type III
(c) with peeled electrode and Pb-Sn perovskite layer before and after MPPT tracking aging; (d and
e) XRD patterns of peeled Pb-Sn perovskite layers from type I (d) and type III (e) attached to the
glass substrate before and after MPPT tracking aging. The widen peak arises from the attached
tape.
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Supplementary Figure 58 | Continuous light soaking of the encapsulated all-perovskite TSM at
65°C condition for 120 hours.
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Supplementary Figure 59 | Damp-heat test of all-perovskite TSMs. (a) Normalized averaged
PCE of encapsulated type-I and type-III modules under damp-heat test. The error bar represents
the PCE standard deviation of the 6 devices for each type. (b) Aging evolution of 6 type-I modules
and 6 type-III modules.
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Supplementary Figure 60 | Thermal cycling test of all-perovskite TSMs. (a) Normalized
averaged PCE of encapsulated type-I and type-III modules under thermal cycling test. The error
bar represents the PCE standard deviation of the 6 devices for each type. (b) Aging evolution of 6
type-I modules and 6 type-III modules.
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of the control and target perovskite films.

Supplementary Table 1 The key parameters of the biexponential fitting for the TRPL curves

A T1 Az )L %) Tave
Control 2619.8 308.4 1337.0 1366.3 1041.9
Target 2008.6 507 1842.1 2231.5 1889.1
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Supplementary Table 2 Solvent chart with different properties.

DMF DMSO 2-Me THF
Boiling point [°C] at 1 atm 153 189 124.5 65
Vapor pressure [kPa] at 20 °C 0.377 0.055 1.0 17
Evaporation rate
n-butyl acetate = 1 0.2 0.026 ! 6.3
Gutmann’s donor number (DN) 26.6 29.8 19.7 20
Viscosity (mPa.s at 20 °C) 0.86 2.14 1.7 0.456
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Supplementary Table 3 Corresponding photovoltaic parameters of the champion control

and target Pb-Sn perovskite solar modules shown in Supplementary Fig. 4C.

Voe (V) Jsc (mA cm™) FF (%) PCE (%)
Control-Rev 11.006 2.10 59.8 13.8
Control-Fwd 10.367 2.08 47.1 10.2
Target-Rev 11.724 2.24 75.9 19.9
Target-Fwd 11.572 2.24 76.3 19.8
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Supplementary Table 4 Corresponding photovoltaic parameters of the champion type-I and

type-11I all-perovskite TSMs shown in Fig. 4D.

Voe (V) Jsc (MA cm?) FF (%) PCE (%)
Reverse 29314 1.093 77.8 24.9
Control
Forward 29315 1.091 76.8 24.6
Reverse 30.381 1.121 78.2 26.6
Target
Forward 29.861 1.119 79.7 26.6
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Supplementary Table S Summary of publicly reported all-perovskite TSMs (aperture area

>10 cm?).

Area PCE (%) Jsc (mA -
' ' Voc(V) FF (%) Stability Reference
(cm?) | (in-Lab/certified) cm?)
20.25 22.5/21.7 2.034 14.4 76.8 MPPT: 75%, 500h Ref 1°
12.25 19.1/- 1.9 14.2 71 MPPT: 93%, 20h Ref!!
14.3 21.6/- 2.02 14.0 76.6 MPPT: 90%, 250h Ref 12
20.25 23.3/- 2.12 14.3 76.5 MPPT: 80%, 352h Ref 13
20.25 23.8/- 2.125 14.56 77.2 MPPT: 75%, 600h Ref!
MPPT (FAMA Pb-
Sn): 80%, 330h
MPPT (FACs Pb-Sn):
20.25 24.9/24.5 2.15 14.8 78.2 Ref !4
80%, 656h
DH200: 80%
TC200: 86%
10.4 16.4/- 1.7 13.8 70 MPPT: 96.3%, 1000s Ref 1°
11.3 23.39/- 2.04 14.685 | 78.08 / Ref 16
11.3 23.92/- 2.02 14.93 79.29 / Ref !’
11.3 24.7/- 2.076 | 14.835 | 80.32 MPPT: 80%, 290h Ref 18
MPPT: 90%, 771h
82.5%, 1000h This
64.84 26.6/26.2 2.17 15.694 78.2
DH1000: 84% work
TC200: 93%
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