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1. Experimental Part  
 

Device preparation 
 

Patterned indium tin oxide (ITO) glass substrates (25x25 mm, resistivity = 15 Ω sq-1, nominal ITO 

thickness = 150 nm, patterned by Automatic Research GmbH) were cleaned sequentially for 15 min 

with a 2% Mucasol solution in water (Schülke), water, Acetone, and Isopropanol at ~ 40°C in an 

ultrasonic bath. After that, directly before HTM deposition, the substrates were treated in an UV-ozone 

cleaner for 15 min. UV treatment seemed crucial for achieving a high reproducibility. All subsequent 

procedures were done in a nitrogen-filled glovebox (MBRAUN). For the PTAA devices, PTAA 

dissolved in anhydrous Toulene (both by Sigma Aldrich) was spin-coated from a 2 mg/ml solution in at 

5000 rpm (5 s acceleration) for 30 s and heated on a hot plate at 100°C for 10 min. 

SAM powders were dissolved in anhydrous Ethanol at a concentration of 1 mmol/l and put into an 

ultrasonic bath for 15 min (30-40 °C) before using. 2PACz powder (molar weight 335.3 g/mol) was 

stored in a nitrogen glovebox, MeO-PACz (275.24 g/mol) was stored in ambient air. If stored otherwise 

before dissolving, penalties in performance were observed. The SAMs were prepared either by spin-

coating or dipping. When spin-coating, 100 µl of the solution was uniformly released onto the middle 

of the substrate, the lid was closed and after ~ 5 s resting, the spin-coating program (30 s at 3000 rpm) 

was started. Alternatively, a lower concentration of 0.1 mmol/l can be used if dropping the solution 2-3 

times dynamically during the spinning program. After spin-coating, the substrates were heated at 100 °C 

for 10 min. A washing step (with Ethanol) is possible but not necessary. For some perovskites, it might 

be beneficial to wash the substrates after heating, since it can change the contact angle of the perovskite 

(no significant performance differences were observed for all used perovskites in this work). SAMs by 

dipping were prepared by immersing the substrates into a 0.1 mmol/l solution for 2-12h, with subsequent 

heating at 100 °C for 10 min. After heating, the dipped substrates were washed dynamically during a 

4000 rpm, 30 s spin-coating program by dripping 100-200 µl of Ethanol 2-3 times onto them.  

Triple-cation Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3 (CsMAFA) perovskite film was formed according to 

our previously reported procedure1. 100 µl of the precursor was dripped onto the PTAA or SAM-covered 

substrates and the solution was spread with a pipette tip across the substrate before starting the spinning 

program (5s acceleration to 4000 rpm, 35s steady at 4000 rpm). On PTAA, 500 µl of Ethyl Acetate as 

the antisolvent was dripped onto the perovskite 25 s after starting the spin-coating program (closed spin-

coater lid). On SAMs, either Ethyl Acetate, or, in later optimized stages, 200 µl of Chlorobenzene or 

Anisole2 were used as the antisolvent (with open lid during the program), dripped 5-7 s before the end 

of the spinning program (with 3500 instead of 4000  rpm spinning speed). The SAMs are chemically 

robust and allow the use of more types of antisolvents than PTAA.  Further, the perovskite was annealed 

at 100 °C for 30-60 min. 

Double cation MA5FA95Pb(I95Br5)3 (MAFA) perovskite was prepared similarly to the CsMAFA 

perovskite, with respectively changed ratio of mixing the MAPbBr3 and FAPbI3 precursor solutions and 

60 min annealing. The final perovskite solution was mixed just before spin-coating. Additionally, a 1.24 

mol/l MACl solution in DMSO was mixed with the perovskite solution in a 5:95 volume ratio. The same 

spin-coating program as for CsMAFA was used, with dripping 300 µl Chlorobenzene 5s before the end 

of the program. 

Single cation MAPbI3 was prepared by direct co-evaporation using a CreaPhys “PEROvap” deposition 

tool integrated into an inert glovebox (MBraun). The system includes a cooling shield inside the 

chamber, whose temperature was set to -25 °C for the entire process time. The rotation speed of the 

substrate holder was held constant at 10 rpm. Lead iodide and Methylammonium iodide were filled in 

two individual crucibles and the chamber was evacuated. At reaching a base pressure of 1E-6 mbar the 

sources where heated to 240 °C (PbI2) and 150 °C (MAI). Starting from this point the temperature was 
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slightly adjusted until a stable rate of 1.4 Å s-1 (PbI2) and 3.5 Å s-1 (MAI) were obtained. The ratio was 

monitored using individual quartz crystal microbalances (QCM, Inficon) for each material. 

After perovskite deposition, 23 nm C60 and 8 nm BCP were thermally evaporated in a MBRAUN 

ProVap 3G at a base pressure of 1E-6 mbar with an evaporation rate of 0.1-0.18 Å/s. For completing the 

device, 100 nm Cu or Ag was thermally evaporated through a shadow mask. The overlap of the 

substrate’s ITO with the Cu stripe defines the active area of 0.16 cm² (cross-checked with an optical 

microscope). 

Some devices, such as the one sent for certification, were encapsulated with a cover glass and a two-

component self-curing epoxy glue (5-min epoxy, R&G Faserverbundwerkstoffe GmbH). After 

encapsulation, an antireflective coating (100 nm NaF) was thermally evaporated onto the glass 

substrates, which increased the short-circuit current density distinctly stronger for 2PACz and MeO-

2PACz devices than for PTAA and V1036 devices. 

When employing SnO2 instead of BCP, we noticed better and more stable performance with MeO-

2PACz than with 2PACz, possibly due to a faster hole-extraction with MeO-2PACz. 

CIGSe/perovskite tandem solar cell 

The CIGSe bottom cell was fabricated in a multi-step thermal evaporation on a glass substrate as 

described in the SI of our previous work3, with RbF surface treatment. The p-type back contact is made 

of sputtered Molybdenum. The recombination contact consists of 10 nm sputtered i-ZnO and 140 nm 

ZnO:Al (AZO). After completion, the surface was rinsed with Ethanol and treated with UV-Ozone for 

15 min, before submersing the CIGSe bottom cell into a 0.1 mmol/l MeO-PACz/Ethanol solution 

overnight. Spin-coating a 1 mmol/l MeO-PACz solution once or a 0.1 mmol/l solution three times also 

yielded >20 %-efficient tandem cells. Subsequently, the bottom cell was heated at 100 °C for 10 min in 

a N2-filled glovebox, before proceeding the CsMAFA perovskite processing on top as described above. 

After perovskite annealing, 20 nm C60 was thermally evaporated and 20 nm of SnO2 processed on top 

at a substrate temperature of 80 °C via atomic layer deposition (ALD, Arradiance GEMStar) to form a 

buffer layer for the indium zinc oxide (IZO) sputtering, as optimized in another work4. SnO2 precursors 

were tetrakis(dimethylamino)tin(IV) (TDMASn) and water. The IZO top electrode was deposited by RF 

sputtering from a 10%wt ZnO and 90 %wt In2O3 target. For contacting the electrode, a 100 nm thick Ag 

frame was thermally evaporated through a shadow mask and 100 nm LiF as the anti-reflective coating. 

After device completion, the tandem cell was manually scribed around the Ag frame, since the AZO 

recombination and Molybdenum back contact were both processed on the full bottom cell area. 

Materials 
 

The molecules that form SAMs were synthesized (see next section). All other materials for the 

perovskite precursor and for evaporation were used as bought without further purification. Lead iodide 

and lead bromide were purchased from TCI (99.99%, trace metals basis) or Sigma Aldrich (99.999%, 

trace metals basis). FAI and MABr were purchased from Dyenamo (grade 99%), CsI from abcr GmbH 

(99.999%). Solvents (all anhydrous) DMF, DMSO and antisolvents ethyl acetate, chlorobenzene and 

anisole were from Sigma Aldrich, the SAM solvent ethanol was bought from VWR Chemicals. PTAA 

was by Sigma Aldrich. 

Electron-selective contact and top electrode: C60 (99.99%) and BCP from Sigma Aldrich, Cu shots from 

Alfa Aesar. 

For co-evaporated MAPbI3, lead iodide by TCI and Methylammonium iodide by Lumtec were used. 

Analysis Methods 
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Molar extinction coefficient 

The SAM or PTAA powders were dissolved in Chlorobenzene at a concentration of 1 mmol/l. The 

absorption spectra were recorded from the solution in a cuvette in a PerkinElmer Lambda 35 

spectrometer. 

Infrared spectroscopy (RAIRS and FTIR) 

Reflection absorption infrared spectroscopy (RAIRS) data were recorded using Vertex 80v (Bruker Inc., 

Leipzig, Germany) spectrometer equipped with liquid nitrogen cooled narrow-band MCT detector. 

Samples were placed onto a horizontal accessory in evacuated (~2 mbar) spectrometer chamber. The 

bare ITO substrate was used as a reference. The spectra were taken with p-polarized incident light after 

incubation of the samples in vacuum for 180 s. Spectral resolution was set to 4 cm−1, aperture to 4 mm, 

and spectra were acquired by averaging 256 scans. The spectra were taken in three steps: First, samples 

were measured as received. Next, they were rinsed with ethanol and incubated in chlorobenzene for 10 

min in order to remove any possible multilayers and measured again. Lastly, measurements were 

repeated after one month to identify any changes occurring due a degradation of the samples (see fig. 

S6). 

Fourier transform infrared (FTIR) spectra of bulk materials were taken from KBr pellet-pressed V1036 

(V1036), MeO-2PACz (V1193) and 2PACz (V1194) samples, using an Alpha (Bruker Inc., Leipzig, 

Germany) spectrometer equipped with a DLATGS detector in transmission mode. The resolution was 

set to 4 cm−1. Geometry optimization and frequency calculations were performed using Gaussian 09W 

software with Becke three parameter functional, B3LYP, and def2-SVP basis set for V1036 and B3LYP 

functional with 6-311++g(2d,p) basis set for MeO-2PACz and 2PACz compounds. The scaling factor 

was applied for the theoretical results as described in a previous publication5. 

Solar cell characterization 

Current-voltage (J-V) characteristics under 1 sun equivalent illumination were recorded using a 

Wavelabs Sinus-70 LED class AAA sun simulator in air, calibrated with a filtered KG3 Silicon reference 

solar cell certified by Fraunhofer ISE. J-V scans were performed as 2-point measurements with a 

Keithley 2400 SMU (4-point measurement with Keithley 2600 for the tandem cell), controlled by a 

measurement control program written in LabView. The single junctions were not masked during 

measurement (due to small differences between JSC from integrated EQE and J-V). The voltage values 

are swept in 20 mV steps with an integration time of 40 ms per point and settling time of 20-40 ms after 

voltage application (maximum voltage sweep speed of 250 mV/s). EQE spectra were recorded with an 

Oriel Instruments QEPVSI-b system with a Newport 300 W xenon arc lamp, controlled by TracQ-Basic 

software. The white light filtered into monochromatic light by a Newport Cornerstone 260 

monochromator with a 10 nm increment and chopped into a frequency of 78 Hz before being conducted 

to the solar cell surface via optical fibers. The system is calibrated using a Si reference cell with known 

spectral response before every measurement. The electrical response of the device under test is measured 

with a Stanford Research SR830 Lock-In amplifier (time constant of 0.3 s) and evaluated in TracQ. The 

typical short-circuit current mismatch between integrated external quantum efficiency (EQE) times 

AM1.5G irradiance and values from J-V scans is around 1%. For the Urbach energy estimation, the 

monochromator step size is reduced to 2 nm and Lock-In integration time increased to 1 s per increment. 

The temperature during continuous MPP tracking was measured with a thermocouple attached to the 

samples’s glass surface. 

A spectral mismatch M6 for the used solar simulator was calculated with typical CsMAFA and MAFA 

EQE spectra, the spectral response of the calibrated reference cell and the spectrum of the solar 

simulator. The small deviations from 1 (M = 0.997 for CsMAFA and 1.005 for MAFA) are within the 

measurement error margins during J-V characterizations, thus the measured JSC values were not 

corrected by 1/M. 

No pre-conditioning protocols were applied. For some cells, we observed a slight rising trend in VOC 

upon multiple J-V scans (or some minutes of light-soaking until thermodynamic stabilization). 

Typically, the PCE value of the PSCs saturates at higher values a few days after perovskite processing. 
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Photoelectron spectroscopy 

XPS measurements were conducted with a non-monochromated Mg Kα excitation source and a 

ScientaOmicron Argus CU electron analyzer in the Energy Materials In-Situ Laboratory (EMIL) of 

HZB. Core level peak fitting was performed with the free software fityk7. The number of Voigt peaks 

was determined by fitting all three datasets simultaneously with coupled width and shape parameters 

and increasing the number of peaks until the residuum was in the order of the background noise of the 

data. A linear background was included into the fit.  

UPS measurements were conducted with the same equipment employing He I (21.22 eV) excitation. 

For measuring the secondary electron cutoff, a 10 V bias was applied to the substrate. The valence band 

onset was determined by the leading edge extrapolation method (see fig. S15). 

The ITO substrates were prepared in the same manner as for the solar cells, in order to accurately reflect 

device-relevant ITO modification. The high VOC values and low leakage currents obtained with the 

SAM-based PSCs, the constant PCE in dependence of the used solution concentration (Fig. S3) and the 

similarity in RAIRS of SAMs prepared by spin-coating vs. dipping ascertains that the studied SAMs are 

closely packed and that saturation of coverage is fulfilled. After preparation of the glass/ITO substrates 

in a nitrogen-filled glovebox, they were quickly transferred into the ultra-high vacuum UPS system 

without exposure to ambient air.  

 

Absolute and transient photoluminescence  

Time-resolved photoluminescence (trPL) measurements were carried out in a home-built setup using 

excitation at a 660 nm wavelength from a pulsed supercontinuum laser light source (SuperK) with a spot 

size of 25-35 µm in diameter. The repetition rate was set to 304 kHz and the sample’s PL emission was 

collected panchromatically through a photomultiplier. Utilizing a time-correlated single photon counting 

technique (TCSPC), the PL decay was recorded with a time resolution of approximately 4 ns. The 

excitation power was varied with a linear ND filter, tracked with a power meter and chosen as follows, 

for injecting approximately the amount of charge carriers that is relevant for device operation under 1-

sun conditions: If at a 1-sun equivalent excess charge-carrier density n the PL decay is dominated by 

monomolecular recombination, the recombination rate R can be approximated by n/ where  is the 

monomolecular recombination-limited PL lifetime. At quasi steady state, the generation rate G equals 

R. Thus, G is roughly the photon flux per penetration depth (approximated by the film thickness ~ 

500 nm) divided by the steady-state PL lifetime (we assume 500 ns). This G is compared to the expected 

G under 1-sun equivalent excitation for an absorber with 1.63 eV band gap, which is given by the 

respective integration of the AM1.5G irradiance spectrum (1.5E+21 m-2 s-1). Under these estimations, a 

fluence of ca. 10-30 nJ/cm² of pulsed excitation should create a 1-sun equivalent quasi-steady-state 

situation. The samples were excited on the perovskite side. 

Absolute photoluminescence spectra and hyperspectral images were recorded with a custom setup 

described in another work8. Excitation was performed with two 450 nm LEDs, calibrated to ~ 1 sun 

equivalent fluence and PL emission was collected with a CCD camera. Wavelength-selectivity of the 

PL emission was achieved by coupling a tunable liquid crystal filter in front of the camera. The setup 

was calibrated to absolute photon numbers with light sources of known fluences9, thus enabling to 

estimate the quasi fermi-level splitting from the generalized Planck law using the high-energy tail fit 

method. 

XRD 

X-ray diffraction patterns (only in SI) were recorded at room temperature using a Bruker D8 

diffractometer in Bragg-Brentano geometry. For all measurements the Cu radiation from an X-ray tube 

operated at 40 mA and 40 kV acceleration voltage was used. 
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Synthesis of the SAM molecules 
 

In brief, alkylation with dibromoethane of the respective carbazole derivatives was performed 

(compounds 1 and 2), followed by an introduction of phosphonic acid ester groups via an Arbuzov 

reaction to yield the intermediate materials 3 and 4. Finally, cleavage of the ethyl groups was performed 

with bromotrimethylsilane to produce the final products 2PACz and MeO-2PACz. Further details are 

presented in the following 

Chemicals, unless stated otherwise, were purchased from Sigma-Aldrich or TCI Europe and used as 

received without further purification. The 1H and 13C NMR spectra were taken on Bruker Avance III 

(400 MHz) spectrometer at RT. All the data are given as chemical shifts in δ (ppm). The course of the 

reactions products was monitored by TLC on ALUGRAM SIL G/UV254 plates and developed with UV 

light. Silica gel (grade 9385, 230–400 mesh, 60 Å, Aldrich) was used for column chromatography. 

Elemental analysis was performed with an Exeter Analytical CE-440 elemental analyzer, Model 440 

C/H/N/. Electrothermal MELTEMP capillary melting point apparatus was used for determination of 

melting points. 

UV/Vis spectra were recorded on a PerkinElmer Lambda 35 spectrometer. 

 

 

Figure S1 Synthesis scheme of the phosphonic acid functionalized carbazole derivatives 2PACz and MeO-
2PACz. 

 

2PACz synthesis 

 

9-(2-bromoethyl)-9H-carbazole (1) 

9H-carbazole (2 g, 12 mmol) was dissolved in 1,2-dibromoethane (20 ml), and tetrabutylammonium 

bromide (0.08 g, 0.25 mmol) with 50% KOH aqueous solution (7.2 ml) were added subsequently. 

Reaction was stirred at 70°C for 6 h (TLC, acetone:n-hexane, 3:22, v:v). After completion of the 

reaction, extraction was done with ethyl acetate. The organic layer was dried over anhydrous Na2SO4 

and the solvent was distilled off under reduced pressure. The crude product was directly used for the 

further synthesis. 2.4 g (73 %) of white crystalline material was isolated– compound 1. 

Anal. calcd for C14H12NBr, %: C 61.33; H 4.41; N 5.11; found, %: C 61.39; H 4.37; N 5.03.  

1H NMR (400 MHz, CDCl3) δ 8.08 (d, J = 7.7 Hz, 2H), 7.51 – 7.36 (m, 4H), 7.29-7.20 (m, 2H), 4.66 (t, J = 7.5 Hz, 2H), 3.64 

(t, J = 7.5 Hz, 2H).  

13C NMR (101 MHz, CDCl3) δ 140.05, 126.07, 123.25, 120.66, 119.70, 108.55, 44.77, 28.23. 
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diethyl [2-(9H-carbazol-9-yl)ethyl]phosphonate (3) 

Compound 1 (1.14 g, 4.16 mmol) was dissolved in triethylphosphite (14 ml) and the reaction mixture 

was heated at reflux for 20 h. After reaction completion (TLC, acetone:n-hexane, 7:18, v:v) the solvent 

was distilled off under reduced pressure. The crude product was purified by column chromatography 

using n-hexane as eluent, with the gradual change of the eluent to acetone:n-hexane, 1:4, v:v, to give 

1.25 g (91%) of clear liquid – compound 3. 

Anal. calculated for C18H22NO3P, %: C 65.25; H 6.69; N 4.23; found, %: C 64.99; H 6.60; N 4.16. 

1H NMR (400 MHz, DMSO-d6) δ 8.15 (dd, J = 7.9, 1.9 Hz, 2H), 7.58 (d, J = 8.2 Hz, 2H), 7.52 – 7.43 (m, 2H), 7.26 – 7.17 (m, 

2H), 4.65 – 4.54 (m, 2H), 3.94 – 3.85 (m, 4H), 2.35 – 2.21 (m, 2H), 1.23 (t, J = 7.0 Hz, 16H). 

13C NMR (101 MHz, DMSO) δ 139.49, 125.71, 122.34, 120.26, 118.96, 109.20, 61.22, 61.16, 36.59, 24.95, 23.59, 15.97. 

 

 

[2-(9H-carbazol-9-yl)ethyl]phosphonic acid (2PACz) 

Compound 3 (1 g, 3.02 mmol) was dissolved in dry 1,4-dioxane (30 ml) under argon. Afterwards, 

bromotrimethylsilane (4 ml) was added dropwise. Reaction was kept for 24 h at 25 °C under argon 

atmosphere. Afterwards solvent was distilled off under reduced pressure, solid residue was dissolved in 

methanol (30 ml) and distilled water was added dropwise (150 ml), until solution became opaque, and 

was stirred for 24 h. The solution was concentrated under vacuum and the product was filtered off and 

washed with water to give 0.510 g (61 %) of pale-blue solid – 2PACz. 

Anal. calculated for C14H14NO3P, %: C 61.09; H 5.13; N 5.09, found, %: C 60.64; H 5.22; N 5.02.  

1H NMR (400 MHz, DMSO-d6) δ 8.15 (d, J = 7.8 Hz, 2H), 7.54 (d, J = 8.2 Hz, 2H), 7.51 – 7.42 (m, 2H), 7.21 (t, J = 7.4 Hz, 

2H), 4.62 – 4.49 (m, 2H), 2.12 – 1.96 (m, 2H). 

13C NMR (101 MHz, DMSO) δ 139.40, 125.85, 122.29, 120.41, 118.96, 108.93, 37.37, 27.94, 26.64. 
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MeO-2PACz synthesis 

 

 

9-(2-bromoethyl)-3,6-dimethoxy-9H-carbazole (2) 

3,6-dimethoxycarbazole (0.534 g, 2.35 mmol) was dissolved in 1,2-dibromoethane (8 ml), and 

tetrabuthylammonium bromide (0.08 g, 0.25 mmol) with 50% KOH aqueous solution (6.9 ml) were 

added subsequently. Reaction was stirred at 70°C for 20 h (TLC, acetone:n-hexane, 3:22, v:v). After 

completion of the reaction, extraction was done with ethylacetate. The organic layer was dried over 

anhydrous Na2SO4 and the solvent was distilled off under reduced pressure. The crude product was 

purified by column chromatography using acetone:n-hexane, 1:49, v:v as eluent to give 0.352 g (60 %) 

of white crystalline material – compound 2. 

Anal. calcd for C16H16O2NBr, %: C 57.50; H 4.83; N 4.19; found, %: C 57.39; H 4.86; N 4.15. 

1H NMR (400 MHz, CDCl3) δ 7.51 (d, J = 2.5 Hz, 2H), 7.29 (d, J = 8.8 Hz, 2H), 7.10 (dd, J = 8.8, 2.5 Hz, 2H), 4.62 (t, J = 7.5 

Hz, 2H), 3.93 (s, 6H), 3.62 (t, J = 7.5 Hz, 2H). 

13C NMR (101 MHz, CDCl3) δ 153.85, 135.65, 123.39, 115.30, 109.41, 103.45, 56.27, 45.07, 28.55. 

 

 

diethyl [2-(3,6-dimethoxy-9H-carbazol-9-yl)ethyl]phosphonate (4) 

Compound 2 (0.316 g, 0.95 mmol) was dissolved in triethylphosphite (2.7 ml) and the reaction mixture 

was heated at reflux for 18 h. After reaction completion (TLC, acetone:n-hexane, 1:4, v:v) the solvent 

was distilled off under reduced pressure. The crude product was purified by column chromatography 

using acetone:n-hexane, 1:1, v:v as eluent to give 0.353 g (95%) of clear liquid – compound 4. 

Anal. calculated for C20H26NO5P, %: C 61.37; H 6.70; N 3.58; found, %: C 61.32; H 6.73; N 3.55. 

1H NMR (400 MHz, CDCl3) δ 7.52 (d, J = 2.5 Hz, 2H), 7.30 (d, J = 8.8 Hz, 2H), 7.10 (dd, J = 8.8, 2.5 Hz, 2H), 4.60 – 4.49 

(m, 2H), 4.09 – 4.03 (m, 4H), 3.93 (s, 6H), 2.29 – 2.15 (m, 2H), 1.28 (t, J = 7.1 Hz, 6H). 

13C NMR (101 MHz, CDCl3) δ 153.67, 135.46, 123.37, 115.20, 109.49, 103.46, 62.02, 61.96, 56.28, 37.31, 26.15, 24.79, 16.56, 

16.50. 
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[2-(3,6-dimethoxy-9H-carbazol-9-yl)ethyl]phosphonic acid (MeO-2PACz) 

Compound 4 (0.335 g, 0.86 mmol) was dissolved in dry 1,4-dioxane (25 ml) under argon. Afterwards, 

bromotrimethylsilane (1.12 ml) was added dropwise. Reaction was kept for 24 h at 25oC under argon 

atmosphere. Afterwards solvent was distilled off under reduced pressure, solid residue was dissolved in 

methanol (15 ml) and distilled water was added dropwise (30 ml), until solution became opaque, and 

was stirred for 15 h. Product was filtered off and washed with water to give 0.230 g (80 %) of beige 

solid – MeO-2PACz. 

Anal. calculated for C16H18NO5P, %: C 57.32; H 5.41; N 4.18, found, %: C 57.19; H 5.53; N 4.11.  

1H NMR (400 MHz, MeOD) δ 7.57 (d, J = 2.5 Hz, 2H), 7.34 (d, J = 8.8 Hz, 2H), 7.05 (dd, J = 8.8, 2.5 Hz, 2H), 4.58 – 4.48 

(m, 2H), 3.87 (s, 6H), 2.20 – 2.06 (m, 2H). 

13C NMR (101 MHz, MeOD) δ 154.97, 136.71, 124.61, 116.03, 110.37, 104.29, 56.46, 38.47. 
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2. Comparison of spin-coating, dipping and different SAM solution 

concentrations 
 

 
 

Figure S2 Statistical comparison between SAMs from spin-coating (no washing) and dipping (with subsequent 
washing), with triple cation perovskite absorber. The ITO substrates were either dipped into SAM solutions 
(0.1 mmol/l concentration in Ethanol, both MeO-2PACz and 2PACz are shown here) for several hours at room 
temperature with subsequent washing, or were prepared by spin-coating a 1 mmol/l SAM solution at 3000 rpm for 
30s with subsequent heating at 100°C for 10 min. When spin-coating the SAM solution, subsequent washing of the 
substrates is optional and shows no PCE difference. Both preparation techniques yield similar efficiencies. The 
slightly higher average PCE obtained by SAMs from spin-coating is due to the fact that process optimization started 
with dipping and later stages predominantly spin-coating was used for single junction cells. 

 

 

 

Figure S3 Power conversion efficiency of CsMAFA solar cells based on 2PACz, spin-coated from different 
concentrations in Ethanol. 
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3. Additional information to the RAIRS measurements 
 

V1036: The high frequency feature at 1585 cm−1 was assigned to the asymmetric stretching vibrations 

of carbazole and p-methoxy-phenyl rings. 1484-cm−1 band was associated with carbazole ring stretching 

vibrations. Slightly lower frequency shoulder near 1441−1465 cm−1 has highest contribution from 

deformation vibrations of CH3 groups. In-plane deformation vibrations of ring C−H bonds are visible at 

1182 cm−1. The broad band near 1010 cm−1 belongs to stretching vibration of phosphate group.10,11  

MeO-2PACz: Pair of well-defined bands of compound MeO-2PACz near 1164 and 1211 cm−1 are 

related with rings C−H in-plane deformation vibrations coupled with C−O stretching mode. Two 

carbazole ring stretching modes of compound 2PACz are visible at 1242 and 1347 cm−1. Presence of 

phosphonic acid group can be recognized from the broad band at 1010, 1021, and 1017 cm−1 for V1036, 

MeO-2PACz, and 2PACz monolayers, respectively. 

 

 
Figure S4 Comparison of FTIR spectrum of V1036 compound pressed into KBr pellet (a) and calculated spectrum 
at DEF2-SVP level of theory (b). The broad feature at 941 cm-1 for the bulk spectrum stems from P-OH species that 
are not present in monolayers. 

 

Figure S4 shows the bulk spectrum of V1036 and the theoretical spectrum calculated by density 

functional theory (DFT), and figure S5 shows the same for MeO-2PACz and 2PACz. For V1036, the 

spectrum can be almost fully replicated by the calculation. For MeO-2PACz and 2PACz, prominent 

features can be replicated as well, although not all peaks expected by the DFT calculation can be found 

in the experimental spectra and vice versa, which we contribute to intermolecular interactions in the 

SAM, which are not present in the calculation that was conducted for a free-floating molecule in 

vacuum. 
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Figure S5 Comparison of FTIR spectrum of 2PACz and MeO-2PACz compounds pressed into KBr pellet (a) and 
calculated spectra at DEF2-SVP level of theory (b). The broad features at 941 cm-1 and 951 cm-1 stem from P-OH 
species10–13 that are not present in the monolayer spectra. 
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Figure S6 RAIRS spectra of different preparations of V1036 self-assembled monolayers on an ITO substrate. 
Spectra are shown of spin-coated (A) and formed from dipping (B, C, respectively) samples solutions before (a), 
after rinsing with ethanol and chlorobenzene (b) and after being kept in a lab environment for one month (c). 
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4. Additional device metrics 
 

 

 

 

 

 

Figure S7 Solar cell device metrics for all investigated HTMs with CsMAFA “triple cation” perovskite absorber with 
1.63 eV optical bandgap, on devices with area of 0.16 cm² (1:1 aspect ratio). The high JSC values over 22 
mA/cm² with both new SAMs are only achieved with a NaF antireflective (AR) coating. We notice that the AR coating 
is not as beneficial for PTAA-based devices, but adding 0.3 – 0.6 mA/cm² current density to 2PACz and MeO-
2PACz devices. Note that, despite enabling a higher Jsc, the FF values of the (MeO-)2PACz devices are 
comparable to the ones of the PTAA devices, pointing to a higher extraction efficiency with (MeO-)2PACz. 
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Figure S8 Initial stability assessment of SAM-based solar cells. The plot shows the time evolution of stabilized PCE 
of the single junction cell that was sent for certification. This cell was repeatedly handled and measured in ambient 
air (RH 30-60 %) and was stored in a nitrogen-filled glovebox in between the measurements. The orange points 
show the same for a representative CIGSe/perovskite tandem solar cell (same device stack as for the cell in the 
main text). The cell was measured in ambient air and was stored in nitrogen in between the measurement days. 
We expect that SAMs are suitable for the integration into PSC architectures that are specialized for high stability. 
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5. X-Ray Diffraction patterns and SEM pictures 
 

 

 

Figure S9 X-ray diffractograms of CsMAFA Perovskite films grown on the investigated HTMs (stack is 
glass/ITO/HTM/Perovskite). The stars on the PTAA case indicate the expected positions of perovskite crystal 
diffraction peaks. 

 

 

Figure S10 Scanning electron microscopy images of CsMAFA perovskite grown on PTAA, MeO-PACz and PACz. 
SEM pictures of the same perovskite on V1036 was previously published1. 
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6. Photocurrent Spectra to determine the Urbach Energy 
 

 

Figure S11 Normalized EQE of Perovskite solar cells based on the investigated HTMs, measured by a lock-in 
amplified current signal of the solar cell under modulated, monochromatic light (step size 2 nm & 1 second 
integration time). The slope in the “Urbach regime” gives an estimate of the energy of tail states (“Urbach energy”), 
which is likely to be overestimated by this method, but still gives a comparable value to the ones determined by a 
sophisticated full-fit.14 The kink at 1.52-1.53 eV might stem from the low spectral response of the reference cell 
used for calibration. 
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7. Additional information to Photoelectron spectroscopy 
 

 

Figure S12 X-ray photoelectron spectroscopy (XPS) spectra in the O1s region of cleaned and O3-treated ITO 
(lower panel), ITO covered with MeO-2PACz (middle) and covered with 2PACz (top panel). After heating, the SAM-
treated samples were washed with Ethanol. The number of necessary peaks for the fit was determined as for the 
C1s fitting in the main text (with linear background included into the fit). The peak shape parameters (Voigt curves) 
are the same for all shown peaks. For the (MeO-)2PACz fits, the relative distances between the peaks were locked 
to the same values as determined from the bare ITO fit, in order to unambiguously determine whether additional 
peaks are needed. Only the MeO-2PACz fit needed an additional peak (orange) that is here assigned to C-O-C 
species15, in conjunction with the C1s study of the main text. The largest peak at 530.5 eV is assigned to oxygen in 
In2O3 in both bulk and surface of the ITO16. In this case, a possible tin-oxygen bond coincides in binding energy with 
In-O bonds17. The second largest peak at 531.5 eV is assigned to metal hydroxide species15. The area ratio between 
this peak and the largest one is 0.47 for the bare ITO sample. Upon SAM treatment, this ratio rises to 0.57 for both 
MeO-2PACz and 2PACz, pointing either to an increased concentration of O-H groups18 on the surface or that less 
signal from the ITO bulk is collected. The remaining two peaks at higher binding energies might be assigned to 
other hydroxides and adventitious contaminants, like H2O15,16. We assume that P-O species cannot be resolved 
here due to limited sensitivity and possible overlap with the contaminant peaks.  
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Figure S13 X-ray photoelectron spectroscopy on the studied substrates at the N1s region. Both MeO-2PACz and 
2PACz share the same peak position, whereas V1036 shows a broader peak due to the presence of an additional 
N species in the diphenylamine group. A more detailed peak analysis would require a higher signal-to-noise ratio. 

 

 

 

 

Figure S14 X-ray photoelectron spectroscopy at the C1s region of ITO glass, with and without SAM spin-coated 
on top (from 1 mmol/l solution, with subsequent heating to 100°C for 10 min). The residual small signal of the bare 
ITO sample is probably caused by adventitious carbon of the e. g. the sample storage boxes or glovebox. 
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Figure S15 X-ray photoelectron spectroscopy at the C1s region for samples on which the SAM solution (1 mmol/l 
in Ethanol) was spin-coated (with subsequent heating to 100°C for 10 min), with and without washing the substrates 
subsequently. 
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Figure S16 Same XPS measurement as in the main text, with the additional graph on top of each plot showing the 
relative residuum of each fit. The number of peaks was determined by fitting all three datasets globally with the 
same width and shape parameters and increasing the number of peaks until the residuum was in the order of the 
background noise of the data. 
 
 
 

 

Figure S17 X-ray photoelectron spectra of the substrates on which UPS for the energy band edge diagram in fig. 
4 of the main text (except for the perovskite values) has been conducted. The XPS measurement was recorded 
directly after the UPS measurement and shows the In peaks of the ITO substrate. All peaks are aligned, showing 
that no sample charging effects might have altered the energetic values.  
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a 

 

b 

 
Figure S18 Ultra-violet photoelectron spectra (UPS) from which the work function (a) and valence band onset 
values (b) were extracted for the energy band edge diagram in fig. 4 of the main text (excitation energy is 21.22 eV). 
The excitation energy was 21.22 eV. After every UPS measurement, an XPS measurement was recorded to check 
for any charging effects of the substrates that could cause any shifts of the spectra (see comparisons of the 
substrates’ In peaks in fig. S14).   
 
 
 

   

Figure S19 X-ray and UV Photoelectron spectroscopy of CsMAFA perovskite grown on PTAA (glass/ITO 
substrate). The dashed line in the XPS measurement (left) marks the expected position of the Iodine 3d5/2 peak19. 
The black lines in the UPS measurements (middle and right plot) are linear extrapolations of the leading edges. 
 
 

Calculation of the dipole moment 
 

The dipole moment was calculate following the previously published procedure20. In brief, as the hole-

selective fragment is electronically decoupled from the phosphonic acid group due to the non-conjugated 

linking ethylene fragment, the contribution of the PA fragment to the final dipole moment can be 

excluded (following the assumption that the binding to the ITO surface is roughly the same for all three 

SAMs). Therefore, for the calculations the phosphonic acid group was replaced by hydrogen. DFT 

calculations were performed using TURBOMOLE version 7.0 software21, with Becke's three parameter 

functional, B3LYP22,23, and def2-SVP24,25 basis set in vacuum. Note that the mentioned dipole moments  

do not necessarily contribute in the relative same magnitude for all different SAMs, since the orientation 

relative to the ITO surface is not known for the individual SAMs. 
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8. Further PL measurements  
 

 

 

 

 

 

 

 

 

 

Figure S20 Absolute photoluminescence imaging of a sample with solar cells (bright squares, champion 2PACz 
device of the main text), recorded under an equivalent 1-sun intense fluence. By recording the photon-count 
calibrated PL spectra (displayed on the right for this sample) and applying the high-energy tail slope method as 
previously described for the same setup on perovskites,8  the quasi fermi-level splitting (QFLS) values are obtained. 
The solar cell pixel shows a QFLS of 1.18 eV, while the same solar cell shows 1.188 V VOC in the J-V scan. The 
bright stripe in the middle of the image shows an area without C60 evaporated on the perovskite. The QFLS of 
1.22 eV (PL quantum yield of ~ 0.4 %) represents the maximum possible VOC with this perovskite on 2PACz and 
the comparison to the solar cell shows that the C60 interface is leading to a loss of ~ 40 meV. This, interestingly, is 
lower than for the same perovskite grown on PTAA.8 The lower panel shows a 2D plot of the QFLS of the upper 
part of the upper image (calculated from the difference of PL quantum yield to radiative limit26, with same results as 
obtained with the high-energy tail slope fit). 
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Figure S21 TrPL transients of CsMAFA perovskite film to investigate possible differences between spin-
coating and dip-coating of the SAM solution (exemplary for MeO-2PACz). The non-significant difference 
is in line with the initially presented conclusions made with the RAIRS analysis. 

 

 

Figure S22a TrPL transients of CsMAFA perovskite films on 2PACz and PTAA for different excitation 
intensities. 
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Estimation of the interface recombination velocity 
 

Assuming one-sided surface recombination (thus over-estimating S, since the CsMAFA top side is not 

passivated), we calculate the interface recombination velocity S through 

𝜏2/2 =
𝑑

𝑆
+

4

𝐷
(

𝑑2

𝜋2), 

with sample thickness d (~ 500 nm) and diffusivity D (~ 0.5). The calculated values for CsMAFA 

perovskite on the different HSCs are listed in the following table. Here, the two lifetimes were obtained 

from a bi-exponential fit, 𝜏2 corresponds to the value reported in the main text (which is roughly the 

same as obtained from a linear fit of the long tail), 𝜏1 was not used for the calculation: 

 𝜏1(ns) 𝜏2/2 (ns) S (cm/s) 

Quartz glass 0 708 35 

V1036 60 130 193 

PTAA 60 200 125 

MeO-2PACz 109 641 39 

2PACz 161 2041 12 
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9.  Certification Results  

 

Figure S23 Fraunhofer ISE certificate of a representative 2PACz solar cell with a CsMAFA perovskite absorber. 
The cell was masked from a 0.16 cm² area to ~ 0.108 cm² and then sent to the calibration laboratory. 
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Figure S24 JV measurement by Fraunhofer ISE of a representative 2PACz solar cell with a CsMAFA 

perovskite absorber. 

 

Figure S25 MPP tracking measurement by Fraunhofer ISE of a representative 2PACz solar cell with a CsMAFA 
perovskite absorber. The certified PCE value of 20.44 % is drawn from this measurement. The in-house MPP 
measurement of this device was 20.7 % 2 weeks prior to certification (with an in-house measured area of 0.107 cm², 
FF of 81.6% and VOC of 1.15 V). 
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10. Additional results with the other perovskite absorbers  
 

 
a 

 

b 

 
 
 

Figure S26 a, External quantum efficiency measurements of the “double” and “single” cation perovskite solar cells 
shown in fig. 7a of the main text, and corresponding integration of the product of EQE and AM1.5G spectrum (right 
axis). The JV-curve of the 2PACz/MAFA cell is shown in fig. S23. The vertical dashed lines indicated the position 
of the maximum of the curve’s derivative (for estimation of the optical band gap, 775 nm for MAPbI3 and 800 nm for 
MAFA). b, XRD of a representative MAPbI3 perovskite prepared by co-evaporation on MeO-2PACz. The asterisks 
indicate the expected perovskite crystal diffraction peaks. 

 

 
 

Figure S27 J-V scan (250 mV/s scan rate) at standard measurement conditions and MPP tracking in the inset of a 
PSC based on “double-cation” MAFA perovskite on 2PACz. Compared to MeO-2PACz, the VOC is slightly higher, 
following the trend presented with CsMAFA in the main text. Device metrics are (reverse scan parameters): PCE = 
21.0 %, VOC = 1.142 V, FF = 76.7 %, JSC = 24.0 mA/cm² (integrated EQE x AM1.5G = 23.7 mA/cm²). The blue line 
in the MPPT inset marks the 21.1 % value. 
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11.  Additional results to the Perovskite/CIGSe Tandem  

 
  

  

Figure S28 Solar cell device metrics of representative CIGSe bottom cells, similar to the one used for the tandem 
cell, under full 1-sun illumination and filtered for visible range absorption (as absorbed by the perovskite). The PCE 
values for the filtered case have been adjusted for the smaller illumination intensity.  
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a 

 

b 

 

Figure S29 a, External quantum efficiency measurement (provided by Fraunhofer ISE, CalLab) of the 
CIGSe/perovskite monolithic tandem solar cell shown in figure 6b of the main text. The red line shows a 1-reflection 
measurement of the certified cell measured in-house. b, photograph of a representative CIGSe/perovskite 
monolithic tandem solar cell with ~ 1 cm² active area (surrounded by a silver frame).  
 
 
 
 

a 

 

b 
 
 
 

 

Figure S30 Certification results by Fraunhofer ISE of the CIGSe/Perovskite tandem solar cell (area ~ 1.035 cm²). 
a, maximum power point tracking from which the steady-state MPP value was extracted (in-house measurement 
was 23.2 %, fitting to the certified 23.26 %). b, J-V curve. 
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Figure S31 Certification sheet for the CIGSe/perovskite tandem, description of the measurement procedure and 
type of solar cell. 
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Figure 32 Certification sheet for the CIGSe/perovskite tandem, performance parameters, measurement conditions 
and active area (designated area, defined by an evaporated silver ring, while the rest of the cell was masked). 
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