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Figure S1. Cyclic Voltammetry of undoped HTMs in dichloromethane solution containing
0.IM n-BwNPFs as a supporting electrolyte. Oxidation potential was calibrated against
ferrocene used as an internal standard.

Table S1. Energy-cut off, work-function, and valence band energy level extracted from the
corresponding UPS spectra of doped HTM layers deposited on top of perovskite.

HTM Enomo? Energy cut-off WF P Ionization
(eV) (eV) (eV) potential, IP ®
(eV)
spiro- -0.50 -4.79 -5.29
OMeTAD
Zn-BL54 -5.37 -1.02 -4.49 -5.51
Cu-BL57 -5.48 -0.96 -4.65 -5.61
Zn-BLS58 -5.36 -1.16 -4.74 -5.44
Cu-BL61 -5.46 -1.16 -4.41 -5.57

@ HOMO obtained by cyclic voltammetry, ° values extracted from the corresponding UPS
measurements.
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Figure S2. Optimized molecular structures. Gaussian 09W, BL3YP/6-311G a) view from the

top b) view from the side.
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Figure S3. The electron density distribution for LUMO+1, LUMO, HOMO, and HOMO-1,

for all the HTMs.
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Figure S4. Scheme showing the frontier molecular orbitals and their respective energies of
BL54, BL57, BL58, and BL61 MPcs calculated with DFT B3LYP in 6-31G basis set.

Table S2. The values of HOMO, LUMO, and HOMO-LUMO energy gap (AFUND)
calculated using DFT and MP2 methods with two basis sets (3-21G and 6-31G).

Zn-BL 54 Cu-BL 57 Zn-BL 58 Cu-BL 61

LUMO+1 -2.79 -2.79 -2.79 -2.78
LUMO -2.80 -2.79 -2.80 -2.79
HOMO -4.52 -4.55 -4.53 -4.54

HOMO-1 -4.56 -4.59 -4.57 -4.60




Table S3. Percentage of HTM quenching calculated from the steady-state photoluminescence
spectra (considered the perovskite emission as 100%).

HTM Y%

spiro-OMeTAD 30

Zn-BL45 98
Cu-BL57 99
Zn-BL58 83
Cu-BL61 &9

Table S4. Fitted decay parameters extracted from time-resolved photoluminescence (TrPL)
spectra.

Name 11 (ns) T2 (nS)

Perovskite 139.50+11.13  336.05+10.84
spiroOMeTAD 4.28+0.24 12.18+0.44

Zn-BL54 35.08+1.97 79.49+22.78
Cu-BL57 5.08+0.14 32.64+0.23
Zn-BL58 48.42+3.28 143.95+13.46
Cu-BL61 22.63£1.06 101.67+1.25
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Figure S5. GIWAXS pattern of the films coated on a silicon wafer. a) Cu-BL57 b) Zn-BL58
c) Cu-BL61.
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Figure S6. Lamellar structure and n-n stacking of the HTMs extracted from the GIWAXS

data.
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Figure S7. a) Azimuth integrated intensity profile calculated from 2D GIWAXS spectra for
the different HTMs and b) lattice distance calculated for HTMS from 2D GIWAXS spectra.
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Figure S8. a) calculation of d-spacing for n—nr stacking structure and the intercolumnar
organization b) lattice distance calculated for HTMS from 2D GIWAXS spectra, n—n
stacking distance calculated from MM2 simulation for ¢) Cu-BL61 and d) Zn-BL57.
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Figure S9. Azimuth integration as a function of theta at an approx. integrated peak a) q = 0.3
Al b)g=07A'¢c)g=14A"
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Figure S10. The simulated molecular size of the HTMs.
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Figure S11. Cross-section SEM images of the devices and top-view SEM images of the doped
HTM thin films. HTM layer highlighted in purple.
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Figure S12. a) Secondary-electron cut-off work function of doped HTM layers on top of triple
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cation perovskite b) Valence band spectra of doped HTM layers on top of perovskite.
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Figure S13. a) Secondary-electron cut-off work function of triple cation perovskite b) Valence

6
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band spectra of triple cation perovskite.

Table S5. Energy cut-off, work function extracted from UPS measurements, and calculated

ionization potential for triple cation perovskite.

— triple cation PVK

2 3
Binding Energy (eV)

HTM Energy cut-off WF Ionization
(eV) (eV) potential, IP
(eV)
PVK -1.32 -4.38 -5.70
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Figure S14. Lateral conductivity of the doped HTM layers measured on OFET substrates.

Table S6. Lateral conductivity values of doped HTMs calculated from their respective [-V
curves.

HTM 6 (S cm™)

spiro-OMeTAD 3.4x10*

Zn-BL54 1.96x107
Cu-BL57 7.97x107
Zn-BL58 3.22x10°
Cu-BL61 7.3x10°¢

Table S7. J-V parameters for hysteresis curve and calculated hysteresis index. FWD: from Jsc
to Voc scan direction and REV: from Voc to Jsc scan direction for triple cation devices.

HTM Scan J, Vv..(v) FF PCE (%)  Hysteresis
direction (mA /sz) index
. FWD -24.68 1.078 0.749  19.92
spiro- 0.04

OMeTAD REV -24.63 1.092 0.796  21.40



FWD -24.01 1.068 0.741 19.00

Zn-BL54 0.02
REV -23.73 1.081 0.778 19.95
FWD -23.73 0.847 0.743 14.93
Cu-BL57 0.02
REV -23.66 0.850 0.777 15.62
FWD -23.88 0.861 0.550 11.30
Zn-BL58 0.13
REV -23.19 0.876 0.725 14.72
Cu-BL61 FWD -22.42 0.868  0.633 1231
0.14
REV -22.02 0.886 0.756 14.74
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Figure S15. Long-term stability of unencapsulated triple cation devices measured under
continuous light illumination at 25°C in a nitrogen atmosphere up to 200 h.
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Figure S16. The water contact angle was measured on glass/perovskite/doped HTMs

samples.
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Figure S17. a) Secondary-electron cut-off work function of the double cation perovskite b)
Valence band spectra of double cation perovskite.

Table S8. Energy cut-off, work function extracted from UPS measurements, and calculated
ionization potential for double cation perovskite.

HTM Energy cut-off WF Ionization
(eV) (eV) potential, IP
(eV)

PVK -1.67 -4.08 -5.75




Table S9. J-V parameters for hysteresis curve and calculated hysteresis index. FWD: from Jsc
to Voc scan direction and REV: from Voc to Jsc scan direction for double cation devices.

HTM Scan J, Vv..(vV) FF PCE (%)  Hysteresis
direction (mA /crnz) index
FWD -24.27 1.057 0.725 18.59
spiro- 0.05
OMeTAD REV -24.09 1.086 0.791  20.69 '
FWD -23.52 1.056 0.755 18.75
Zn-BL54 0.02
REV -23.40 1.071 0.786 19.70
FWD -22.56 0.903 0.641 13.05
Cu-BL57 0.09
REV -22.55 0.943 0.741 15.75
FWD -24.15 0.911 0.503 11.06
Zn-BL58 0.15
REV -21.77 0.954 0.733 15.22
Cu-BL61 FWD -22.58 0.905 0.640 13.07
0.09
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Figure S18. EQE spectra and calculated short-circuit current density integrated from the

Wavelength (nm)



corresponding EQE of the most efficient double cation perovskite devices.

Absorbance

Figure S19. Absorbance spectra of the doped HTM films on a glass substrate.
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Figure S20. Long-term stability of unencapsulated double cation-based devices measured
under continuous light illumination at 25°C in a nitrogen atmosphere.
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Figure S21: J-V curves of the best efficient dopant-free device fabricated on double-cation
perovskite. Devices were prepared as described in the Experimental section, but in this case
dopants were not added to the HTMs solutions.

Table S10: J-V parameters for highest efficient dopant-free double-cation perovskite devices.

HTM Jsc Voc (V) FF (%) PCE (%)
(mA/cm?)

Zn-BL54 | -20.98 0.989 0.585 12.13

Cu-BL57 | -20.36 0.990 0.425 8.54

Zn-BL58 | -20.19 0.989 0.439 8.76

Cu-BL61 | -19.98 0.990 0.442 8.74
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Figure S22: Thermogravimetric analysis (TGA) of the new HTMs. The higher thermal stability
of 2-ethylhexyloxy-substituted MPcs can be appreciated. Indeed, Zn-BL58 and Cu-BL61
show a similar behavior, starting to degrade at T=374°C. For Zn-BL54 the first weight loss is
at T=153°C and the second weight-loss is at T= 341°C. For Cu-BL57 the first weight loss is
at T=200°C and then at T=411°C.



