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Experimental Section

1. Materials Synthesis

All the starting chemicals for materials synthesis were purchased from Dongguan Volt-

Amp Optoelectronics Tech Co. Ltd. (China) and used without further purification. 

Compound M1 and M2 was synthesized by following the previous literature.1 Lead 

iodide (PbI2) and lead bromide (PbBr2) were purchased from TCI. Formamidinium 

iodide (FAI), cesium iodide (CsI), methylammonium bromide (MABr), methylamine 

hydrochloride (MACl) and piperazinium iodide (PI) were purchased from Xi’an Yuri 

Solar Co., Ltd. (China). The synthetic route of monomers and polymer HTMs were 

shown in Fig. S1.

Figure S1. Synthesis route of the monomers and polymers.

Polymerization of poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA)

M1 (250.0 mg, 0.56 mmol) and M2 (302.8 mg, 0.56 mmol) were dissolved in 4 mL 

toluene in a N2 atmosphere. Pd(PPh3)4 (33.1 mg) and Et4NOH (250.0 mg) were then 

added. The reaction was conducted at 120 °C for 24 hours under nitrogen protection. 
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The resulting product was collected by precipitation into methanol. The crude polymer 

was purified using Soxhlet extraction with methanol, acetone, hexane, and 

chlorobenzene in order. The chlorobenzene fraction was further purified by silica 

chromatography using chlorobenzene as the eluent, resulting in a pale-yellow solid with 

a 66% yield.

Synthesis of diethyl [2-(9H-carbazol-9-yl)ethyl]phosphonate (1)

9H-carbazole (2.00 g, 11.96 mmol), diethyl (2-bromoethyl)phosphonate (5.86 g, 23.92 

mmol), potassium iodide (0.40 g) and potassium hydroxide (5.00 g) were dissolved in 

150 mL dimethyl sulfoxide (DMSO) inside a 500 mL flask. The reaction was conducted 

under nitrogen at 50 °C for 24 hours. Subsequently, the product was washed with 

deionized water and precipitated into methanol. The product was further purified by 

recrystallization using a mixture of methanol and dichloromethane, yielding a 84% final 

product. 1H NMR (500 MHz, DMSO-d) δ 8.16 (d, 2H), 7.58 (d, 2H), 7.49 – 7.45 (t, 

2H), 7.23 – 7.20 (t, 2H), 4.63 – 4.56 (m, 2H), 3.94 – 3.87 (m, 4H), 2.32 – 2.24 (m, 2H), 

1.22 – 1.08 (t, 6H). 13C NMR (101 MHz, DMSO -d) δ 139.93, 126.18, 122.77, 120.73, 

119.43, 109.68, 61.64, 61.58, 37.06, 37.03, 25.40, 24.05, 16.53, 16.47.

Synthesis of diethyl (2-(3,6-dibromo-9H-carbazol-9-yl)ethyl)phosphonate (M3)

Compound 1 (1.00 g, 3.02 mmol) was dissolved in 40 mL chloroform inside a 150 mL 

flask. 1-bromopyrrolidine-2,5-dione (1.13 g, 6.34 mmol) was separately dissolved in 

20 mL of chloroform and added dropwise to the flask under dark conditions. The 

reaction was carried out under nitrogen at 30 °C for 6 hours. Then, the product was 

washed with a sodium bicarbonate solution and collected by precipitation into 

methanol. The product was further purified by silica chromatography using ethyl 

acetate and petroleum ether as the eluent with a yield of 78%.1H NMR (400 MHz, 

Chloroform-d) δ 8.13 (d, 2H), 7.58 (dd, 2H), 7.32 (d, 2H), 4.59 – 4.54 (m, 2H), 4.07 – 

4.01 (m, 4H), 2.26 – 2.20 (m, 2H), 1.26 – 1.23 (t, 6H). 13C NMR (126 MHz, 

Chloroform-d) 138.68, 129.28, 123.74, 123.40, 112.52, 110.31, 62.02, 61.97, 37.27, 
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25.76, 24.66, 16.37, 16.32.

Polymerization of PTACz-PO

The polymerization of PTACz-PO was carried out following the same procedure as for 

PTAA, yielding pale solids with yields of 44%. 

Attempts to hydrolyze the PO groups in PTACz-PO resulted in an insoluble 

product. Furthermore, the incomplete conversion of the phosphate to phosphonic acid 

during hydrolysis complicates the determination of the polymer’s exact state and may 

affect batch stability, as reported in recent studies on related polymers2, 11, 18, 19. 

Figure S2. 1H NMR spectrum of compound 1.
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Figure S3. 13C NMR spectrum of compound 1.

Figure S4. 1H NMR spectrum of compound 2.
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Figure S5. 13C NMR spectrum of compound 2.

Figure S6. GPC elution curves of the PTAA and PTACz-PO.
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Figure S7. 1H NMR spectrum of PTACz-PO scraped from the ITO/PTACz-PO 

substrate.

Figure S8. 1H NMR spectrum of the monomer Cz-PO after heat treatment.

Figure S9. 1H NMR spectrum of the monomer Cz-PO after light treatment.

2. General characterizations

NMR measurements were performed using a Bruker AVANCE 400/500 

spectrometer operating at 400 or 500 MHz, with tetramethylsilane (TMS) as the internal 
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standard. UV-vis absorption spectra of the thin films, spin-cast on quartz glass, were 

recorded using a Shimadzu UV-3600 UV-vis-NIR spectrometer. PL and PL decay 

spectra were collected by FLS980 (Edinburgh Instrument, UK). UPS and XPS 

measurements were conducted on an Axis Supra+ (Kratos), with Ag as the reference. 

The contact angle tests for thin films were performed on an OCA50 contact angle 

goniometer, using dimethyl sulfoxide and diiodomethane. Surface energy was 

calculated with the Owens-Wendt-Rabel-Kaelble (OWRK) method. Field emission 

scanning electron microscope (FESEM) top surface, bottom surface and cross-section 

images of the perovskites were obtained on a SU8600 FESEM, Hitachi. Tapping-mode 

AFM images were obtained on a Bruker Multimode 8 Microscope. Kelvin probe force 

microscopy (KPFM) were acquired by Cypher ES (Oxford Instruments Asylum 

Research) via AC mode at 2.44 Hz with ASYELEC.01-R2 probe. X-ray diffraction 

(XRD) characterization was carried out in a x’pert3 powder, PANalytical B.V.

3. Simulations

The dimer molecular structures for various polymers were optimized by density 

functional theory (DFT) through Gaussian package, using the B3LYP-D3/6-31G** 

method. Electrostatic potential (ESP) and dipole moments were calculated and 

illustrated using Gaussian with B3LYP-D3/def-TZVP. 

For the calculations of reorganization energy of molecular models for polymers, 

the excited-state structure was optimized using UB3LYP-D3/6-31G**, and the 

structural relaxation was visualized using VMD software. The four single-point 

energies of the ground-state structure (with 0 and 1 charge) and the excited-state 

structure (with 0 and 1 charge) were calculated using (U)B3LYP-D3/6-311G**. The 

energy differences for the structures with 0 and 1 charges are referred to as λ1 and λ2, 

respectively, and their sum represents the reorganization energy.

The electron density difference (EDD) was obtained from DFT-optimized polymer 

units with forcite and calculated using GGA/PBE via CASTEP.

Hansen solubility parameters of polymer HTMs were defined by δD, δP, δH and R0, 
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obtained by using HSPIP software to fit the solubility of the solute in different solvents 

with known solubility parameters. Furthermore, Ra is defined as the radius of 

interaction, which is calculated from using eq (1).

    (1)𝑅𝑎2 = 4(𝛿𝐷1 ‒ 𝛿𝐷2)2 + (𝛿𝑃1 ‒ 𝛿𝑃2)2 + (𝛿𝐻1 ‒ 𝛿𝐻2)2

1 and 2 in the subscripts represent the solute and solvent, respectively.

4. Device fabrication and characterizations

For the preparation of Cs0.05(FA0.95MA0.05)0.95Pb(I0.95Br0.05)3, a 1.5 M perovskite 

precursor solution was prepared by mixing CsI, FAI, PbI2, MABr and PbBr2 in a DMF: 

DMSO = 4:1(vol/vol) solvent mixture according to the stoichiometric ratio. The 

solution was stirred for 12 hours, with an additional 3 mol% PbI2 and 10 mol% MACl 

added to improve crystallization.

The inverted perovskite solar cell fabrication involved the following steps: 

Glass/ITO substrates were cleaned by sonication with detergent, deionized water and 

isopropyl alcohol for 20 min, followed by drying at 70 °C. Before use in the glove box, 

the substrates were treated with oxygen plasma for 10 min. The polymer HTM solution 

(3 mg/ml PTAA in chlorobenzene, 3 mg/ml PTACz-PO in chlorobenzene and 3 mg/ml 

PTACz-PO in 2-methyltetrahydrofuran) was spin-coated onto the ITO substrates at 

4000 rpm for 30 s, followed by annealing at 100 °C for 10 min. The thicknesses of 

PTAA, CB-processed PTACz-PO, and MeTHF-processed PTACz-PO films were 26 

nm, 22 nm and 21 nm, respectively, demonstrating the robustness of the HTLs during 

processing. For the perovskites layer, perovskite precursor solution was spin-coated 

onto glass/ITO/HTM substrate at 5000 rpm for 40 s, 200 μL chlorobenzene was dripped 

onto the center of film at 12 s before the end of spin coating, followed by annealing on 

a hotplate at 110 ℃ for 30 min. A piperazine hydroiodide solution (0.3 mg mL-1 in 

isopropyl alcohol) was spin-coated onto the perovskite film at 5000 rpm for 30 s and 

annealed at 100 °C for 5 minutes. Then, a 20 nm C60, 7 nm BCP and 100 nm silver 

were thermally evaporated under high vacuum (<4 × 10−6 Torr) sequentially. 

The current density-voltage (J-V) curves of the devices were measured using a 

Keithley 2400 sourcemeter under 1 sun irradiation from an AM 1.5 G solar simulator 
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(SS-F5, Enlitech). External quantum efficiency (EQE) spectra were obtained using an 

EQE measurement system (QE-R, Enlitech), calibrated with a standard single-crystal 

Si photodetector before testing. The electrochemical impedance spectroscopy (EIS) 

spectra were tested at room temperature, using an impedance analyzer (Keysight 

E4990A).

Hole-only devices to evaluate the charge transport for polymers were fabricated 

with ITO/PEDOT:PSS/polymer/MoO3/Ag. The J-V curves of the devices were 

recorded using a Keithley 236 sourcemeter. The mobility was determined by SCLC 

method according to the Mott-Gurney equation, expressed as J = 9ε0ε𝑟μ𝑉2/8𝑑3, where 

J is the current density, ε0 is the vacuum permittivity, εr is the relative permittivity, μ is 

the charge mobility, and 𝑑 is the thickness of the polymer. 

Hole-only devices to evaluate the trap density for perovskites deposited on various 

polymer hole transport layer were fabricated with ITO/polymer/perovskite/Spiro-

OMeTAD/Ag. The defect density Nt can be obtained by equation: Nt = 2ε0εVTFL/qL2, 

where ε and ε0 are the relative dielectric constant and vacuum permittivity. VTFL is the 

onset voltage of TFL region, and q and L are elementary charge and the thickness of 

perovskite layer, respectively.

Figure S10. TGA plots of polymer PTACz-PO and PTAA with a heating rate of 10 ℃ 

min-1 under an insert atmosphere.
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Figure S11. DSC diagrams of polymer PTACz-PO at a ramp rate of 10 ℃ min-1.

Figure S12. 1H NMR spectrum of the PTACz-PO after light treatment for 10 min.
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Figure S13. Dipole moments of the molecular models, simulating repeat unit, for the 

PTAA and PTACz-PO, with blue arrows indicating the directions.

Figure S14. The contact angle images of PTAA and PTACz-PO with perovskite 

solution.

Figure S15. The contact angle images of PTAA and PTACz-PO with diiodomethane 

atop.
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Figure S16. Normalized UV–vis absorption spectra of PTACz-PO film and PTACz-PO 

after rinsing with mixed solvent (DMF:DMSO = 4:1).

Figure S17. Comparison of structural relaxation between the ground state (blue) and 

excited state (red) for PTAA and PTACz-PO dimers, with RMSD values and 

reorganization energy λ indicated.

Figure S18. The distribution of hole mobility values for polymer HTMs, measured by 

SCLC methods.
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Figure S19. Size distribution of PTACz-PO in different solvent. 

Figure S20. Normalized UV–vis absorption spectra of PTACz-PO in different solvents.

Figure S21. End-to-end distance (RF), radius of gyration (Rg) and RF
2/6Rg

2 for the 

polymer chains.
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Figure S22. Normalized absorption of peaks for CB processing PTACz-PO and 

MeTHF processing PTACz-PO from 0 to 470 ms.

Figure S23. GIWAXS images of a) CB-processed PTACz-PO and b) MeTHF-

processed PTACz-PO thin films.

Figure S24. (a) The corresponding 1D intensity profiles along the out of plane 

direction. (b) Multi-peak fitting of the π–π stacking reflections in the OOP direction 

of PTACz-PO thin films prepared from CB and MeTHF. All the peaks were fitted 

with Gaussian functions.
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Figure S25. Surface potential difference distribution of HTMs measured through 

KPFM. Insert: KPFM image of ITO/polymer HTMs.

Figure S26. (a) I 3d, (b) P 2p and (c) O 1s XPS spectra of polymer HTMs+PbI2 films 

and polymer HTMs films. 

Figure S27. Grain size distribution of perovskites spin-coated on PTAA, CB-processed 

PTACz-PO and MeTHF-processed PTACz-PO, respectively. This distribution was 

extracted from the SEM images for the top of perovskites.
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Figure S28. FESEM cross-sectional images (b) of perovskite films on different HTMs.

Figure S29. The residual strain of the corresponding diffraction peaks (2θ) of 

perovskite films on studied HTL as a function of sin2ψ.

Figure S30. Steady PL spectra of ITO/HTMs /Perovskite. 
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Figure S31. UPS spectra showing the cutoff regions (a) and Fermi edge (b). 
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Figure S32. Efficiency certification report for champion devices of IPSC. 
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Figure S33. J–V curves of perovskite solar cells using other green solvents processing 

PTACz-PO as HTL (insert: photovoltaic performance of perovskite solar cells). 

Figure S34. Normalized UV–vis absorption spectra of PCz-PO film and PCz-PO after 

rinsing with the mixed solvent (DMF:DMSO = 4:1).

Figure S35. J–V curves of 0.04 cm2 perovskite solar cells using PCz-PO as HTL 

(insert: photovoltaic performance of perovskite solar cells). 
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Figure S36. Dark current test for the device based on different HTMs.

Figure S37. Light-intensity dependent VOC of perovskite solar cells using PTAA, CB-

processed PTACz-PO, and MeTHF-processed PTACz-PO as HTMs, respectively.

Table S1. The molecular weight of the polymer HTMs measured by GPC.

HTMs Mn (kDa) Mw (kDa) Ð

PTAA 6.0 7.5 1.3

PTACz-PO 9.4 13.7 1.5

Table S2. Solubility test of PTAA and PTACz-PO with various solvents.

Solvent PTAA PTACz-PO
Photographs of PTAA (left) 

and PTACz-PO (right)
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1 Ethyl acetate 0 3

2 Chloroform 3 3

3 Chlorobenzene 3 3

4 Toluene 3 3

5 Ethanol 0 0

6 Methanol 0 0

7 p-Xylene 3 3

8 Cyclohexane 0 0

9 1,4-dioxane 0 3

10 Isopropyl alcohol 0 0

11 Acetonitrile 0 0

12 Acetone 0 3

13 Anisole 3 3

14 Cyclopentyl methyl ether 0 3
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15 2-Methyltetrahydrofuran 0 3

16 2-ethyl-hexanol 0 3

0-insoluble; 3- soluble.

Table S3. Solubility distances (Ra) and relative energy differences (RED = Ra/R0) of 

PTAA in MeTHF and PTACz-PO in different solvents.

HTMs (Solvent) Ra RED

PTAA (MeTHF) 5.36 1.05

PTACz-PO (MeTHF) 1.69 0.26

PTACz-PO (CB) 5.66 0.87

PTACz-PO (DMF) 10.89 1.61

PTACz-PO (DMSO) 17.64 2.71

Table S4. Fitting results of TRPL characteristics for perovskites fabricated on different 

polymer HTMs.

HTMs
τ1

(ns)

A1

(%)

τ2

(ns)

A2

(%)

τave

(ns)

PTAA 93.37 96.48 470.90 3.52 152.03

PTACz-PO

(CB)
126.30 81.85 669.80 18.15 420.01

PTACz-PO

(MeTHF)
176.62 81.09 1110.79 18.91 732.01

Table S5. Series resistance (Rs) and recombination resistance (Rsh) of the fitting for 
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different polymer HTMs-based perovskite solar cell.

HTMs Rs Rsh

PTAA 145.8 15.6

PTACz-PO (CB) 51.9 31.7

PTACz-PO (MeTHF) 20.6 37.1

Table S6. Summary of PCE and FF of inverted PSCs with PCE>20% based on polymer 

HTM reported in the literatures.

HTMs Perovskite composition
VOC

(V)

PCE

(%)
Ref. Year

p-PY Cs0.05(FA0.9MA0.1)0.95Pb(I0.9Br0.1)3 1.153 22.40 3 2022

TFB MAPbI3 1.090 20.20 4 2018

PPE2 (FAPbI3)0.83(MAPbBr3)0.17 1.180 21.31 5 2020

PFDTS Cs0.15FA0.85PbI3 1.082 20.15 6 2021

BNs-F MAPbI3 1.083 20.56 7 2022

p-PFICZ Cs0.15FA0.85PbI3 1.091 21.39 8 2023

PTAA-P1 Cs0.05(FA0.98MA0.02)0.95Pb(I0.98Br0.02)3 1.170 24.89 9 2023

DEG-PTAA (FAPbI3)0.95(CsPbBr3)0.05 1.120 22.26 10 2023

PFDT-2F-

COOH
FA0.93MA0.07PbI3 1.111 21.68 11 2020

Poly-4PACz Cs0.05(FA0.98MA0.02)0.95Pb(I0.98Br0.02)3 1.170 24.40 12 2023

PBTI-BTP (FA0.17MA0.94PbI3.11)0.95(PbCl2)0.05 1.162 22.02 13 2024

PTTI-TPA (FA0.17MA0.94PbI3.11)0.95(PbCl2)0.05 1.100 21.00 14 2021
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PsTA-mPV FA0.83Cs0.17Pb2.7Br0.3 1.094 20.21 15 2022

BN-12 MAPbI3 1.078 20.28 16 2022

2MeO-PTAA MAPbI3 1.080 20.23 17 2022

PTAAO6 Cs0.05(FA0.95MA0.05)0.95Pb(I0.95Br0.05)3 1.192 25.19 18 2024

Poly-DBPP MA0.7FA0.3PbI3 1.18 25.1 19 2024

Poly-DCPA MA0.7FA0.3PbI3 1.17 24.9 20 2024

PF8ICz Cs0.05(FA0.95MA0.05)0.95Pb(I0.95Br0.05)3 1.19 25.4 21 2024

CP4 Cs0.05(FA0.98MA0.02)0.95Pb(I0.98Br0.02)3 1.2 26.21 22 2024

PTACz-PO Cs0.05(FA0.95MA0.05)0.95Pb(I0.95Br0.05)3 1.211 26.31 This work
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