Supporting information
Steering perovskite precursor solutions for multijunction photovoltaics

Shuaifeng Hu,*"* Junke Wang,"® Pei Zhao,*° Jorge Pascual,”® Jianan Wang,*" Florine Rombach,* Akash
Dasgupta,® Wentao Liu,® Minh Anh Truong,” He Zhu,*" Manuel Kober-Czerny,? James N. Drysdale,? Joel A.
Smith,? Zhongcheng Yuan,? Guus J. W. Aalbers,® Nick R. M. Schipper,2 Jin Yao," Kyohei Nakano,' Silver-Hamill
Turren-Cruz,”’ André Dallmann,* M. Greyson Christoforo,? James M. Ball,? David P. McMeekin,? Karl-Augustin
Zaininger,? Zonghao Liu,*" Nakita K. Noel,? Keisuke Tajima, Wei Chen,* Masahiro Ehara,® René A. J. Janssen,8"

Atsushi Wakamiya,*® and Henry J. Snaith*-®

aClarendon Laboratory, Department of Physics, University of Oxford, Oxford OX1 3PU, U.K.

bInstitute for Chemical Research, Kyoto University, Gokasho, Uji, Kyoto 611-0011, Japan.

°Research Center for Computational Science, Institute for Molecular Science, Okazaki, 444-8585, Japan.
9Polymat, University of the Basque Country UPV/EHU, 20018 Donostia-San Sebastian, Spain.

*Wuhan National Laboratory for Optoelectronics, Huazhong University of Science and Technology (HUST),

Luoyu Road 1037, Wuhan, 430074, China.
fOptics Valley Laboratory, Hubei 430074, China.

EMolecular Materials and Nanosystems and Institute for Complex Molecular Systems, Eindhoven University of

Technology, P.O. Box 513, 5600 MB, Eindhoven, The Netherlands.

"National Thin Film Cluster Facility for Advanced Functional Materials, Department of Physics, University of

Oxford, Oxford OX1 3PU, U.K.

'RIKEN Center for Emergent Matter Science (CEMS), Wako, Saitama 351-0198, Japan.
IInstituto de Ciencia de los Materiales (ICMUV), Universitat de Valencia, 46980 Paterna, Spain.
Humboldt Universitat zu Berlin, Institut fir Chemie, AG NMR, Germany.

'‘Dutch Institute for Fundamental Energy Research, Eindhoven, The Netherlands.

These authors contributed equally.

Corresponding authors: shuaifeng.hu@physics.ox.ac.uk, wakamiya@scl.kyoto-u.ac.jp,

henry.snaith@physics.ox.ac.uk

Keywords: solar cell ® perovskite ® tandem ¢ solution chemistry ¢ crystallisation ¢ defect passivation ¢ amino

acid



Liquid-state NMR

We first investigate additive-specific differences in the solution chemistry of the perovskite precursor solution
components. The solutions are prepared with a narrow bandgap (~1.26 eV) mixed Sn-Pb perovskite
composition of Csg.1FArcMA3PbosSNnosls (MA = methylammonium, FA = formamidinium), as reported in our
previous work'3, with DMF and DMSO in a volume ratio of 3:1 as the solvents at a concentration of 1.85 M. In
addition, 10 mol% SnF,, with respect to Snl,, and 2 mol% NH,SCN, with respect to the total amount of the B-

site precursor (Snl, + Pbl,), are added to the precursor solutions serving as the “baseline additives” .

The nature of the iodoplumbate and iodostannate species that are present within these perovskite precursor
solutions will impact the crystallization process and evolution into thin films. Different solution
characterization techniques can probe how additives interact with precursor materials and affect metal-
centred complexes®. Solution nuclear magnetic resonance (NMR) spectroscopy, as a non-destructive
technique, can be used to characterize the chemical profile of ammonium, carboxylic acid, and amino acid
functional groups by probing 'H nuclei. We can further analyse the electromagnetic environment of tin and
lead with measurements on ''°Sn and 2°’Pb nuclei, particularly useful for perovskites, and offering unique

insights into the specific interactions that these components and functional groups establish.

Supplementary Fig. S1 shows PhA in combination with NH,SCN additive. We can see that the coupling of
ammonium cation NH,* protons with N splits the peak at 7.8 ppm into the common triplet observed for this
molecule. Apart from this, we found no significant shift of any type, concluding that there is no major
interaction between the additives, also possibly due to the low concentrations in which they are used.
Supplementary Fig. S2 shows PhA in combination with SnF, additive. We can see that all signals broaden,
such as ammonium ones that slightly shift. Meanwhile, the signal from the carboxylic acid group proton
disappears. This is probably caused by fluoride anions promoting proton exchange with protic functional
groups ammonium and carboxylic acid. In addition, the tendency of the carboxylic group to coordinate Sn?*

cations may also promote the deprotonation of this functionality, making it not detectable in the NMR spectra.

The iodide content does not determine these variations in the characteristics of these protons. All individual
components are mixed with PhA in the relative proportions used for perovskite thin film deposition (see
Experimental Details section). If iodide concentration had a direct effect on the electronic environment of PhA
protons, we would have observed different chemical shift values for MAI- and FAI-containing solutions (the
latter is more concentrated). Therefore, the availability of these ions is not influencing the extent of the shift,
as the coordinative bonds of PhA appear to saturate already at very low concentrations. In the same way, we
would expect a slight contribution from the presence of chloride when adding different salts. However, as in
the case of Fig. 1b, we obtain very different behaviours separately for Sn and Pb and within Sn when using

different additives containing the same amount of chloride. Therefore, though some influence from chloride



should not be fully neglected, the role of the additives is evident, and the mechanism proposed according to

our observations is independent of this potential effect from chloride.

For solutions containing the full perovskite composition (Supplementary Fig. S5), the carboxylic acid signal
widened and shifted upfield over 2 ppm, an effect that the acid-only component PPA also presented, witha 0.7
ppm shift. PhA and PEA present strong shifts of their ammonium protons of 0.78 ppm and 0.98 ppm,

respectively, when in combination with perovskite components.

Together with the discussion in the main text, the NMR observations highlight the higher reactivity of Sn-based
precursors and their leading role in determining solution characteristics compared to the Pb-based analogues
in the same system. Thus, understanding and controlling the chemical environment of Sn-based species will

be particularly critical for altering the properties of Sn-containing perovskites.
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Supplementary Fig. S1: "H NMR spectra of PhA, NH,SCN, and PhA + NH,SCN dissolved in DMSO-ds and DMF-

d; (v:v, 1:3) mixed solvent.
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Supplementary Fig. S2: '"H NMR spectra of PhA and PhA + SnF, dissolved in DMSO-ds and DMF-d; (v:v, 1:3)

mixed solvent.
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Supplementary Fig. S3: 'H NMR spectra of PhA and PhA + Csl dissolved in DMSO-ds and DMF-d (v:v, 1:3)

mixed solvent.
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Supplementary Fig. S4: a,"H NMR spectra of PhA, FAl + Pbl,, FAl + Snl,, PhA + FAl + Pbl,, and PhA + FAl + Snl,
dissolved in DMSO-ds and DMF-d5 (v:v, 1:3) mixed solvent. Magnified show of a to present the b, carboxylic

acid, and ¢, ammonium protons of PhA.
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Supplementary Fig. S5: '"H NMR spectra of a, PhA, mixed Sn—Pb perovskite precursor, and PhA + mixed Sn-
Pb perovskite precursor, (insert provides the magnified show for the proton signals) b, PEA, mixed Sn-Pb
perovskite precursor, and PEA + mixed Sn—-Pb perovskite precursor, ¢, PPA, mixed Sn—-Pb perovskite precursor,
and PPA + mixed Sn-Pb perovskite precursor, (insert provides the magnified show for the proton signals) and
d, mixed Sn—-Pb perovskite precursor individually with PhA, PEA, PPA, and PEAPPA dissolved in DMSO-ds and

DMEF-d7 (v:v, 1:3) mixed solvent. For ease of comparison, the spectra of the materials are presented repeatedly.
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Supplementary Fig. S6: Schematic illustration of the impact of PhA during the solution stage, as well as its
possible interactions and location during crystallization and in the as-crystalised perovskite films. As
discussed in the main text, Sn-containing species assemble to a higher degree in the perovskite precursor
solution system due to the rapid reaction of the Sn(ll) precursor with the A-site cation precursors. Upon the
addition of PhA, the interactions between the Sn(ll) species and the DMSO solvent are partially replaced by
PhA, leading to the formation of colloidal particles with more uniform and larger sizes, as suggested by solution
characterizations, NMR and DLS, and DFT calculations. When using the PhA solution for film deposition, the
crystallization process is altered by newly introduced chemical interactions, such as coordination and
hydrogen bonding. This modification slows down the initial crystallization dynamics of the Sn(ll)-based
compounds during the ion exchange process, providing a better balance between the dynamics of Sn(ll) and
Pb(ll) within the crystalline domains. Ultimately, this could result in atomically homogeneous 3D Sn-Pb

perovskites after annealing.
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Supplementary Fig. S7: Distribution of the thickness of perovskite films fabricated on the FTO/PEDOT:PSS

substrate. 25 different points were taken from five different cross-sectional SEM images of the devices

fabricated under each condition.
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Supplementary Fig. S8: Top-view and cross-sectional SEM images of the perovskite films fabricated on
PEDOT:PSS-coated FTO/glass substrates with no PhA (control) and 1, 2, 3, and 4 mol% of PhA added into the

precursor solution.
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Supplementary Fig. S9: Top-view and cross-sectional SEM images of the perovskite films fabricated on
PEDOT:PSS-coated FTO/glass substrates with no 4FPhA (control) and 1, 2, 4, and 8 mol% of 4FPhA added into

the precursor solution. Scale bar: 1 ym.
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Supplementary Fig. $S10: Top-view and cross-sectional SEM images of the perovskite films fabricated on
PEDOT:PSS-coated FTO/glass substrates with no 4MePhA (control) and 1, 2, 3, and 4 mol% of 4MePhA added

into the precursor solution.

13



[
b X 3 7 100um

1 il
OkV 11.2mm x2.00k SE(UL) 2 ] 20.0ur S 2.0kV 11.2mm x10.0k SE(UL) 5.00um

Supplementary Fig. S11: a, Top-view and b, cross-sectional SEM images of the PEA-treated perovskite films

fabricated on PEDOT:PSS-coated FTO/glass substrates.
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Supplementary Fig. S12: Photographs of the perovskite films fabricated on the FTO/PEDOT:PSS substrates
with the view from the top surface (top) and glass (bottom) sides of the samples. The substrate layoutis 25 mm

by 25 mm.
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Supplementary Fig. $13: a, XRD patterns of control, PhA, PEA, PPA, and PEAPPA perovskite films. b, Intensity
and c, 260 values of the (100) peak of the films. d, Full width at half maximum (FWHM) of the corresponding
(100) peaks. e, Magnified XRD with 26 from 12 to 15° for showing the Pbl, peaks. A thin layer of PMMA was
coated onto the perovskite films to prevent oxidation during the measurement. In general, we observed that
the films are dominated by the (100) and (200) peaks with 26 values of 14.05 and 28.33°, respectively, with no
considerable peak shift between the films. The d-spacing value of the (100) plane for all the samples is
calculated to be 6.30 A based on Bragg’s Law, the wavelength of the X-ray is 1.5406 A generated from the Cu
K. source. Based on the fitting of the XRD patterns, the obtained cell parameters area=b =c=6.29830 A, a =
B =y = 90° with the cubic crystal system under the space group of Pm3m (COD number: 4128767) based on
the fitting of the XRD patterns. The average crystallite size, estimated using the Scherrer formula (Dp =
(0.94*N)/(B*CosB), where, Dp = average crystallite size, B = Line broadening (FWHM) in radians, 8 = Bragg angle,
A = X-ray wavelength), is about 40.35, 40.88, 39.72, 40.70, and 40.16 nm for the control, PhA, PEA, PPA, and
PEAPPA perovskite films, respectively. No detectable low-dimensional phases form in any of the films
examined even in the PEA case - a well-reported 2D Ruddlesden-Popper phase spacer cation —-from the 1D
and 2D XRD results. In addition, the PhA-containing films show considerably reduced Pbl, signals with the 26

value of 12.65°.
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PhA at Vg, site, E,: —-1.60 eV PhA at V,py, site, E,: —1.74 eV
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Supplementary Fig. S14: Adsorption configuration of PhA at the perovskite surface with Visn and Ve along
with the resultant binding energies. Pb, grey; Sn, orange; Cs, green; N, blue; |, pink; Cl, apple green; O, red; C,

brown; H, light pink.
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p-F-PhA at V,(Sn), E,: -1.62 eV p-F-PhA at V,(Pb), E,: -1.74 eV
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Supplementary Fig. S15: Adsorption configuration of pFPhA (4FPhA) at the perovskite surface with Vs, and

Vppyalong with the resultant binding energies. Pb, grey; Sn, orange; Cs, green; N, blue; I, pink; Cl, apple green
O, red; C, brown; H, light pink.
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p-CH;-PhA at V|(Sn), E,: —1.64 eV p-CH;-PhA at V|(Pb), E,: —1.76 eV
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Supplementary Fig. S16: Adsorption configuration of pMePhA (4MePhA) at the perovskite surface with Vs
and V) along with the resultant binding energies. Pb, grey; Sn, orange; Cs, green; N, blue; |, pink; Cl, apple

green; O, red; C, brown; H, light pink.
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PhA* at V,, E: —1.28 eV PhA* at V., E,: —1.26 eV PhA* at Vg, E,: -1.28 eV

Supplementary Fig. S17: Adsorption configuration of PhA* at the perovskite surface with Vea, Vua, and Vs along
with the resultant binding energies. Pb, grey; Sn, orange; Cs, green; N, blue; |, pink; O, red; C, brown; H, light

pink.
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PEA* at Vg, E,: —1.23 eV PEA* at Vy,, E,: —1.10 eV PEA* at V¢, E,: —1.20 eV

Supplementary Fig. S18: Adsorption configuration of PEA* at the perovskite surface with Vea, Vua, and Vs along
with the resultant binding energies. Pb, grey; Sn, orange; Cs, green; N, blue; I, pink; O, red; C, brown; H, light

pink.
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PPA at V(Sn), E,: —1.44 eV PPA at V|(Pb), E,: —1.30 eV

L(Sn-0) = 3.076 A L(Pb—O) = 2.903 A

Supplementary Fig. S19: Adsorption configuration of PPA at the perovskite surface with Vs, and Ve, along
with the resultant binding energies. Pb, grey; Sn, orange; Cs, green; N, blue; I, pink; O, red; C, brown; H, light
pink. The length of Sn—-O bond is longer than that of Pb—O, whereas a stronger interaction between PPA and

uncoordinated Sn is found.
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PhA at V,(Sn) + Vy, E,: —2.37 eV PhA at V,(Pb) + Vy, E,: —2.80 eV

Supplementary Fig. S20: Adsorption configuration of PhA at the perovskite surface with the coexistence of
neighbouring Visnew) and Vi, where Vua is chosen to show, along with the resultant binding energies. Pb, grey;

Sn, orange; Cs, green; N, blue; |, pink; Cl, apple green; O, red; C, brown; H, light pink.
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Supplementary Fig. S21

To extend the conclusion to the similar amino acid salts derivatives, we further evaluated the effect of para-,

meta-, and ortho-substitution with F and CHz in PhA. It is found that the F or CH; substitution may improve the

passivation effect, and the ortho-substitution performs the best for vacancies of iodine. When it comes to A-

site defect passivation by PhA, the more negative binding energies than those by PEA indicate the improved

passivation effect. Moreover, the substitution with F and CHj; in PhA slightly further stabilized the defect

system.
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UPS results

Effective passivation, especially under the context of facile Sn(ll) oxidation, should be reflected in the
electronic structure of the films. To this end, we conducted ultraviolet photoelectron spectroscopy (UPS)
measurements (Fig. 2d and S$22). For films deposited with the addition of PhA, the value obtained from the
valence band (VB) region suggests an upshift of the Fermi level with a value of 0.91 eV away from the valence
band maximum (VBM), compared to the value of 0.73 eV for the control films, which agrees with the higher
binding energy shifts of the XPS results (Supplementary Fig. S23 and Supplementary Table S1) that
suggested a larger occupation of higher electronic states. The values for PEA, PPA, and PEAPPA films are 0.73,
0.87, and 0.75 eV, respectively. These results suggest that the carboxylic acid provides the films with a more
n-type feature while the ammonium group shows less impact on the surface electronic structure of the films.
This could be because of the enhanced stability of the Sn(ll)-based species, i.e., less degree of oxidation and
self-p-doping, thanks to the effective binding of -COOH group, and the binding energy is slightly higher for PhA
than that of PPA as unveiled by the DFT calculations. Incidentally, an n-type surface would benefit the electron

extraction at the interface with the electron transport layer, Ceo, in the p-i-n devices.
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Supplementary Fig. S22: Valence band (VB, top, log scale) and secondary electron cut-off (bottom) regions
of the UPS spectra for the a, control b, PhA, ¢, PEA, d, PPA, and e, PEAPPA films. The work function of the

perovskite films is 21.22 eV — Eg, max, With Eg, max determined from the secondary electron cut-off. The valence

band maximum is 21.22 eV — (Eg, max— E, min)-
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XPS results

For a better understanding of the perovskite films at an atomic level from the view of surface chemistry, we
performed X-ray photoelectron spectroscopy (XPS) characterization on the films (Supplementary Fig. $23).
By deconvoluting contributions from the Sn core levels, we fit the amounts of Sn(IV) as 19.2, 10.9, 18.9, 8.0,
and 13.7% for the control, PhA-, PEA-, PPA-, and PEAPPA-modified films, respectively. The presence of less
Sn(lV) in the PhA- and PPA-containing films could originate from the binding effect of the carboxylic acid to the
Sn centres and/or improved film crystallinity as suggested by the NMR and XRD results. Compared to the
control films, we observed considerable Sn core level shifts for the films fabricated with PhA and PPA to a
higher binding energy, with a higher degree present for the Sn(IV) peaks, while the shift of the Pb peaks is
relatively less noticeable (Supplementary Table S1). This was also observed in our previous study of mixed
Sn—-Pb perovskites?. In contrast, the films modified with PEA only show a small shift to lower energy for both
the Sn and Pb peaks. These results suggest that the carboxylic acid group and the Sn species dominate the
chemical interactions in the modified perovskite films, which is also suggested by the solution chemistry

study.
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Supplementary Fig. S23: XPS spectra of the control and modified perovskite films for Pb 4f,,, and Sn 3ds,, core
levels. For the Sn spectra here, the signal of each component was fitted based on the Shirley-type background.

The shaded area represents the amount of Sn*'.
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Supplementary Table S1: The binding energy of the Sn*" and Sn?" peaks and Sn*/(Sn?* + Sn*') ratio from the

deconvolution of the 3ds,; XPS peak manifolds. The binding energy of the Pb?* peak from the deconvolution of

the 4f;» XPS peak manifolds.

Samples Sn* (eV) ASn** (eV)  Sn* (eV) ASn? (eV)  Sn*/(Sn*+ Pb% (eV) APb?
Sn?") (%)

Control 486.85 - 486.13 - 19.2 137.94 -

PhA 487.10 0.25 486.27 0.14 10.9 137.99 0.05

PEA 486.77 -0.09 486.07 -0.06 18.9 137.89 -0.05

PPA 487.06 0.21 486.23 0.10 8.0 137.94 0

PEAPPA 487.03 0.26 486.19 0.06 13.7 137.96 0.02
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Supplementary Table S2: Parameters extracted from the light intensity-dependent PLQE measurements. The
external kiq resulting from our fits is significantly lower than observed in other (neat lead) perovskites. This
could be partially due to a low escape probability but is not yet fully understood. The errors from fitting
(calculated by inverting the second derivative matrix of fit quality) are large for some parameters. This is likely
due to a high degree of multicollinearity between some variables, which could be improved by better-fitting

approaches in the future.

Sample Control PhA
Kirap,shatiow (S7") (2.3+2.9)x 10° (9.6+7.9) x 104
Kirap,deep (S™") (4.7£1.2) x 10* (1.4%1.3)x 10*
E7 shatow (€V) 0.050 eV

Krad,ext (M3 s7") (3.3%0.1)x 107"

Kaug (cm®s™) 1072 (fixed)
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Supplementary Fig. S24: Representative J-V curves and cell parameters of the devices fabricated with the
perovskite films deposited without (control) and with the addition of 1, 2, 3, and 4 mol% of PhA. The

unencapsulated devices were measured in the N»-filled glovebox under the illumination of simulated AM1.5G.
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Supplementary Fig. S25: Distributions of the device parameters derived from forward and reverse J-V scans

for the cells fabricated with the perovskite films deposited without (Control, three cells) and with the addition

of 1, 2, 3, and 4 mol% of PhA (six cells for each). Data are mean +s.e.m.

30



35 4
—L e ————— e Samples Jsc ('_'ZIA Vo (V) FF PCE (%)
T 30 4 \ ol
= | —— Control-Fwd. Control-Fwd.  32.62 0.77 0.76 19.27
O R _
< 254 EISEKT FRe;/. Control-Rev.  32.33  0.80 0.79  20.43
-Fwa.
£ . FPhAL-Rev FPhAl-Fwd.  32.55  0.81 076  20.22
2 207 FPhA2-Fwd. FPhAl-Rev. 3234 083 080  21.34
2 15 FPhA2-Rev. FPhA2-Fwd. 3249  0.87 079 2211
s i FPhA4-Fwd. FPhA2-Rev. 3219  0.87 081 2257
- FPhA4-Rev.
_ FPhA4-Fwd. 3170  0.86 0.80 2175
3 107 FPhA8-Fwd.
= FPhAS-Rev. FPhA4-Rev.  31.50  0.86 0.81  22.04
O °r FPhAS-Fwd.  6.23 0.83 0.29 1.49
0 7 FPhAS-Rev.  2.88 0.83 0.62 1.49

I
0.1 0.3 0.5

Voltage (V)

Supplementary Fig. $S26: Representative J-V curves and cell parameters of the devices fabricated with the
perovskite films deposited without (control) and with the addition of 1, 2, 4, and 8 mol% of FPhA (4-fluoro-
phenylalanine hydrochloride). The unencapsulated devices were measured in the No-filled glovebox under the

illumination of simulated AM1.5G.
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Supplementary Fig. S27: Distributions of the device parameters derived from forward and reverse J-V scans
for the cells fabricated with the perovskite films deposited without (control, three cells) and with the addition
of 1, 2, and 4 mol% of 4FPhA (six cells for each). The parameters for /-V scans of the 8 mol% 4FPhA-treated
devices were not collected as the poor diode character of the PV devices shown in Supplementary Fig. S26.

Data are mean £s.e.m.
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Supplementary Fig. $S28: Representative J-V curves and cell parameters of the devices fabricated with the
perovskite films deposited without (control) and with the addition of 1, 2, 3, and 4 mol% of MePhA (4-methyl-
phenylalanine hydrochloride). The unencapsulated devices were measured in the N,-filled glovebox under the

illumination of simulated AM1.5G.
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Supplementary Fig. $29: Distributions of the device parameters derived from forward and reverse J-V scans
for the cells fabricated with the perovskite films deposited without (w/o, control, three cells) and with the

addition of 1, 2, 3, and 4 mol% of 4MePhA (six cells for each). Data are mean £s.e.m.
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Supplementary Fig. S30: Semi-logarithmic plot of sensitive EQE spectra of the control and PhA narrow
bandgap mixed Sn—-Pb PSCs, divided into three regions: the above-bandgap, the band-edge (Urbach tail), and
the sub-bandgap. The calculated Urbach energy is 15.9 and 15.5 meV for control and PhA-modified PSCs,
respectively. Compared to the control sample, the PhA device shows a slightly lower EQE value at the sub-

bandgap region (between photon energy of 0.8 - 1.0 eV).
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Supplementary Fig. S31: Representative J-V curves and cell parameters of the devices fabricated with the
perovskite films deposited without (control) and with the addition of PhA, PEA, PPA, and PEAPPA. The

unencapsulated devices were measured in the N,-filled glovebox under the illumination of simulated AM1.5G.
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Supplementary Fig. S32: Distributions of the device parameters derived from forward and reverse J-V scans
for the cells fabricated with the perovskite films deposited without (control, three cells) and with the addition

of PhA, PEA, PPA, and PEAPPA (six cells for each). Data are mean +s.e.m.
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Supplementary Fig. S33: Statistical distribution of the PV parameters from the batch obtained the best-

performing single-junction control (three cells) and PhA (six cells) Sn—Pb PSCs. Data are mean £s.e.m.
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Supplementary Fig. S34: Representative J-V curves and cell parameters of the devices fabricated with the
perovskite films deposited without (control) and with the addition of 3 mol% PhA. The unencapsulated devices

were measured in the N»-filled glovebox under the illumination of simulated AM1.5G.
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TPC results

Despite the crystallinity being improved, the PhA-modified cells show statistically smaller Jsc compared to the
control cells, this could originate from the slightly reduced mobility of the resultant films, which should be

attributed to the dielectric nature of the additive applied.
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Supplementary Fig. S35: Long-range mobility of perovskite films estimated by transient photoconductivity

measurements. The sum of mobilities (3 ) is shown. Data are mean £s.e.m.
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Supplementary Fig. S36: /-V curves for the champion Sn-Pb perovskite solar cell device measured with no

optical mask, the estimated active area is around 0.16 cm?2.

41



<40 - 25
g = 23.4%
n 4% i
2 30 1 20
c @ 0.76 V .
— -15°%¢
220 4 ~
2 -10 &5
S 10 - .
= u
o .
s 0 | Light on o)
®) I T T
0 100 200 300
Time (s)

Supplementary Fig. S37: Steady-state power output of the PhA-modified Sn—Pb PSCs, measured by tracking

the output current density at the fixed bias of 0.76 V under simulated AM1.5 100 mW cm=2illumination.
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Supplementary Fig. S38: EQE spectrum and integrated Jsc of representative a, control and b, PhA Sn—-Pb PSC

devices. -(dEQE/dA) (purple dashed line) is shown to estimate the PV bandgap of the perovskite absorber.
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Supplementary Fig. S39: Shelf-stability of the unencapsulated cells with the architecture of
FTO/PEDOT:PSS/perovskite/Cgo (20 nm)/BCP (8 nm)/Ag (100 nm) stored in a N»-filled glovebox in the dark at
room temperature (ISOS D-1)° for over three months (>2200 h), i.e., from Nov. 2022 until Feb. 2023. The cation
structures of the chloride-based amino acid salt additives are shown on the right side of the plots. The error
bar shows the average deviation of PCE values obtained from six devices for each condition. The devices were
fabricated in the same batch and the amount of additives applied was 3 mol%. The 4FPhA and 4MePhA cells
show slightly better efficiency than the PhA devices, and 4FPhA cells show statistically the best “shelf-
stability” among the examined cases. As learned from our SEM experiments, we observe no distinct difference
in the morphology of the perovskite films modified by PhA, 4FPhA, and 4MePhA. DFT calculations, however,
suggest a slightly better defect passivation ability of 4FPhA and 4MePhA, compared to that of PhA, this could
be one of the reasons responsible for small performance differences of the resultant modified devices. Data

are mean*s.e.m.
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Supplementary Fig. S40: Spectra of the Wavelab SINUS-220 simulator, measured on the 10" of July 2024

(orange line), and AM1.5G, obtained from the NREL website (blue line).
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Supplementary Fig. S41: a, /-V curves and b, steady-state MPP tracking of the double-, triple-, and quadruple-
junction tandems cells with the active area of 1 cm?. In general, the J-V hysteresis observed may originate from
the high density of the mobile ions in the perovskite materials originating from their ionic nature and potential
charge accumulation and redistribution at the interfaces of the devices under forward and reverse scans. The
level of hysteresis is also largely influenced by the scan rate of the J-V measurements, thus a steady-state

measure on PCE is highlighted.
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Supplementary Fig. S42: Representative J-V curves of single-junction neat Pb PSCs applied to the a, double-
, b, triple-, and ¢, quadruple-junction cells. The PV parameters of the reverse scan are given. The bandgap

values are determined by dEQE/dE given in Supplementary Fig. S43.
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Supplementary Fig. S43: EQE spectra of 1.26 (32.7 mA cm™), 1.55 (25.3 mAcm™), 1.61 (21.8 mAcm™), 1.77
(18.3 mAcm™), 1.80 (17.3 mAcm™3), 1.97 (12.9 mAcm™), and 2.26 eV (7.7 mA cm™) subcells applied for the
fabrication of the tandem devices. The integrated current densities for the PSCs with individual bandgaps are
given in the bracket after the bandgap values. The —-(dEQE/dA) was calculated to estimate the bandgap of the
PSCs, shown with dotted lines. The absorber bandgap stacked in double- triple-, and quadruple-junction

tandemsis 1.77/1.26 eV, 1.97/1.61/1.26 eV, and 2.26/1.80/1.55/1.26 eV, respectively.
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Supplementary Fig. S44: EQE spectra of 1.77 eV (16.5mA cm) and 1.26 (15.9 mAcm™) eV subcells in a
double-junction tandem device. The estimated mismatch factor is 0.994 based on taking the junction with the
lowest Jsc in the stack for either our measured Wavelab solar simulator spectrum or standard AM1.5G light.
Accurately measuring EQE responses of multijunction cells is generally challenging, due to the requirement to
both optically and electrically bias the sub-cells. Determining the current limiting subjunction(s) in the
multijunction cells reliably requires the ability to independently vary the irradiance of the different zones from
the simulated sunlight and measure the intensity-dependent short-circuit current density from the

multijunction cells®.
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Supplementary Fig. S45: Certified results from the National Institute of Advanced Industrial Science and

Technology (AIST, Japan) of a representative triple-junction cell with an active area of about 1 cm?2.
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Supplementary Fig. S46: EQE spectra of 1.97 (11.5 mAcm™), 1.61 (9.1 mAcm), and 1.26 eV (10.5 mAcm™?)
subcells in a triple-junction tandem device. The estimated mismatch factor is 0.997 based on taking the
junction with the lowest Jsc in the stack for either our measured Wavelab solar simulator spectrum or standard

AM1.5G light.
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Supplementary Fig. S47: Statistical distributions of the PV device parameters for the double-junction all-

perovskite tandem cells, fabricated in three different representative batches. The best PCE values obtained

for the 0.25 and 1 cm? cells are 29.2 (steady-state 28.3%) and 28.4% (steady-state 28.2%), respectively. The

best Voc values obtained forthe 0.25and 1 cm?cells are 2.218 V and 2.207 V, respectively. Data were collected

from 58 cells. Data are mean £s.e.m.
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Supplementary Fig. S48: Statistical distributions of the PV device parameters for the triple-junction all-

perovskite tandem cells, fabricated in three different representative batches. The best PCE values obtained

for the 0.25 and 1 cm? cells are 28.7 (steady-state 28.2%) and 28.4% (steady-state 28.0%), respectively. The

best Voc values obtained for the 0.25 and 1 cm? cells are 3.456 and 3.461 V, respectively. Data were collected

from 81 cells. Data are mean £s.e.m.
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Supplementary Fig. S49: Certified performance of double-junction cells fabricated with PhA-modified Sn—-Pb

subcells, the active device area is 0.0498 cm?.
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Supplementary Fig. S50: EQE spectra of WBG1 (7.8 mA cm2), WBG2 (7.8 mA cm2), MBG (6.7 mA cm™), and

NBG (7.8 mA cm) eV sub-cells in a representative quadruple-junction device.
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Supplementary Fig. S51: Statistical distributions of the PV device parameters for the quadruple-junction all-
perovskite tandem cells, fabricated in two different representative batches. The best PCE values obtained for
the 0.25 and 1 cm? cells are 27.9 (steady-state 27.4%) and 27.4% (steady-state 26.9%), respectively. The best

Voc values obtained for the 0.25 and 1 cm?2 cells are 4.94 and 4.90 V, respectively. Data were collected from 49

cells.
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Supplementary Fig. S52: Efficiency progress of all-perovskite tandem solar cells with the data collected from
a, the previous report* (the record PCE values are given’®.) and b, our current work. The active area of the

devices is provided in the bracket.
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Supplementary Fig. S53: EQEg. characterizations. a, EQEg values of a representative triple-junction cell
measured as a function of applied current densities. b, EL spectra of the triple-junction cell measured at the
current density of about 9.4 mA cm™, a value close to the device current density obtained under simulated
AM1.5G illumination. The EL intensities of the MBG and NBG subcells could be slightly overestimated

considering the contribution of the photons emitted from the subcell(s) stacked in front.
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Supplementary Table S3: The measured EQEg values of the triple-junction cells and values interpreted from
the measurement or theoretical limit. The triple-junction device applied for the EQEg. measurements shows a

PCE of 26.6% (Voc: 3.43 V, Jsc: 9.8 mA cm2, FF: 0.79).

0, 0,
Samples E@Q:ZL i:’A) . Voo estimated (V) Voo loss (mV) ﬁxf(fvt)he Voo
Triple-junctioncell 1.95 3.46 498.4 3.76
1.97-eVsubcell  0.01 1.40 251.7 1.57
1.61-eVsubcell  0.48 1.18 137.7 1.25
1.26-eVsubcell  1.46 0.88 109.0 0.94
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Supplementary Fig. S54: Optical modelling to fit the EQE spectra. a, Measured and optically simulated EQE
spectra of the triple-junction cells. b, Simulated absorbance of triple-junction cells using the thickness of 250,

500, and 700 nm for the WBG, MBG, and NBG perovskite subabsorbers, respectively.
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Supplementary Fig. S55: Optical modelling to optimise the thickness of the wide-bandgap subabsorber. a,

Simulated EQE spectra of the triple-junction cells. b, Simulated absorbance of triple-junction cells using the

thickness of 177, 500, and 700 nm for the WBG, MBG, and NBG perovskite subabsorbers, respectively.
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Supplementary Fig. S56: Optical modelling by removing PEDOT:PSS. a, Simulated EQE spectra of the triple-
junction cells. b, Simulated absorbance of triple-junction cells using the thickness of 177, 500, and 700 nm for
the WBG, MBG, and NBG perovskite subabsorbers, respectively. The improved optical response of the NBG

subcell benefits from the removal of the PEDOT:PSS layer in the device stack.
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Supplementary Fig. $57: Optical modelling to fine-tune all absorber layer thicknesses. a, Simulated EQE

spectra of the triple-junction cells. b, Simulated absorbance of PEDOT:PSS-free triple-junction cells using the

thickness of 203, 727, and 966 nm for the WBG, MBG, and NBG perovskite subabsorbers, respectively. The

sum of the optical response of the optimal cell suggests EQE values of over 90% on average for the WBG and

MBG subcells, leaving room for improvement of the NBG subcell with the current maximum response of no

more than 85% EQE value.
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Supplementary Fig. S58: Bandgap-dependent V¢ for p-i-n single-junction PSCs. The cell data were acquired
from an open-access perovskite solar cell database™. In the plot, the DB (detailed balance) limit (solid line),
90% of the DB limit (dashed line), the highest Voc of this work (solid star) and open-source data'™ (open
brackets) are shown. Interestingly, the “Voc-loss” for the 1.97 eV mixed halide perovskite and the 2.26 €V neat
bromide-based perovskite is approximately the same. This suggests that halide segregation may not be the
primary factor limiting the Voc of the widest bandgap PSCs, but rather the high defect density in Br-rich
perovskites and increased surface recombination losses at the perovskite/charge extraction layer interfaces,
in part, due to increased mismatch of the energy levels. Identifying and overcoming these losses is important

to unlock the potential of the multijunction cells further.
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Supplementary Fig. S59: J-V curves of the triple-junction cells subjected to the MPP tracking test. The result
is given in Fig. 4g. The top contact of the device is Cr (2.5 nm)/Au (20 nm)/Ag (100 nm)
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Supplementary Fig. S60: Thermal stability of encapsulated triple-junction cells with the top contact of Cr (2.5
nm)/Au (90 nm). All devices were aged under 85 °C at open-circuit voltage under a, dark (N,-filled glovebox, O,
<10 ppm, H,0 < 0.1 ppm) and b, simulated sunlight (~76 mW cm~2 irradiances, ambient air, no UV filter was
applied) conditions. The photographs of one of the aged cells for each condition are shown on the right side.
Allthe device PV parameters decrease concurrently as the ageing time increases. Under elevated temperature
and light ageing conditions, good wide bandgap single-junction PSCs last for hundreds to thousands of

hours™.

66



0h —535h
-~ 0 h Dark — 535 h Dark
: 5h — 680 h
< 5 h Dark — 680 h Dark
£ 10 h — 794 h
> 10 h Dark — 794 h Dark
% 29 h — 948 h
g -5 J Encapsulated cells o §g7thark _ 2i§7thark
g Voc 85 °C, dark, N, — 297 hDark — 1137 h Dark
3 -10 . - - 1 — 416 h — 1210 h

0 -t -2 =3 -4 __ pie6hDakk — 1210 h Dark
Voltage (V)
b
Oh
& 104 0 h Dark
g 2h
< 5l 2 h Dark
E —5h
? 0 — 5 h Dark
k5 Encapsulated cells B 18 E Dark
g -5 S VOC1.85 OC',, |Ight, —29h
S ambient air — 29 h Dark
O -10 - - ' ' —297h
0 1 =2 ¥ 4 97 hDark
Voltage (V)

Supplementary Fig. S61: J-V curve evolution of the representative triple-junction devices subjected to the 85
°C a, dark and b, light ageing tests. Both the illuminated and dark J-V curves are shown. For clarity, only reverse
J-V scans are shown. The top contact of the devices is Cr (2.5 nm)/Au (90 nm). As suggested by previous studies
investigating Sn—Pb perovskites and all-perovskite tandem solar cells'*'3, there is an urgent need to replace
the acidic PEDOT:PSS with unreactive/less reactive materials*, for example, PTAA or hole-selective SAMs, for
more stable Sn—-Pb perovskites and their multijunction tandem cells. However, cells fabricated with PTAA and
SAMs exhibit either lower efficiency or reduced reproducibility compared to PEDOT:PSS cells, suggesting
further investigations for potential improvements. Apart from the origin related to the narrow bandgap Sn-Pb
perovskite subjunction, we believe that the degradation of the multijunction cells is a result of a global
contribution from all the loss of materials and reactions at the perovskite interfaces (as suggested by the photo
images of the aged devices) and bulk, for example, the notorious light-induced halide segregation™ in the Br-
rich wide-bandgap (~2 eV) perovskite as we studied before®. To draw a comprehensive picture of the
degradation routes of multijunction cells, we expect further extensive and inclusive studies from our group and

the others in the community in the future.
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