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            Abstract
Perovskite solar cells typically comprise electron- and hole-transport materials deposited on each side of a perovskite active layer. So far, only two organic hole-transport materials have led to state-of-the-art performance in these solar cells1: poly(triarylamine) (PTAA)2,3,4,5 and 2,2Ê¹,7,7Ê¹-tetrakis(N,N-di-p-methoxyphenylamine)-9,9Ê¹-spirobifluorene (spiro-OMeTAD)6,7. However, these materials have several drawbacks in terms of commercialization, including high cost8, the need for hygroscopic dopants that trigger degradation of the perovskite layer9 and limitations in their deposition processes10. Poly(3-hexylthiophene) (P3HT) is an alternative hole-transport material with excellent optoelectronic properties11,12,13, low cost8,14 and ease of fabrication15,16,17,18, but so far the efficiencies of perovskite solar cells using P3HT have reached only around 16 per cent19. Here we propose a device architecture for highly efficient perovskite solar cells that use P3HT as a hole-transport material without any dopants. A thin layer of wide-bandgap halide perovskite is formed on top of the narrow-bandgap light-absorbing layer by an in situ reaction of n-hexyl trimethyl ammonium bromide on the perovskite surface. Our device has a certified power conversion efficiency of 22.7 per cent with hysteresis ofÂ Â±0.51 per cent; exhibits good stability at 85 per cent relative humidity without encapsulation; and upon encapsulation demonstrates long-term operational stability for 1,370 hours under 1-Sun illumination at room temperature, maintaining 95 per cent of the initial efficiency. We extend our platform to large-area modules (24.97 square centimetres)â€”which are fabricated using a scalable bar-coating method for the deposition of P3HTâ€”and achieve a power conversion efficiency of 16.0 per cent. Realizing the potential of P3HT as a hole-transport material by using a wide-bandgap halide could be a valuable direction for perovskite solar-cell research.
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                    Fig. 1: Double-layered halide architecture of P3HT-based perovskite solar cells.[image: ]


Fig. 2: Van der Waals interactions between the WBH and P3HT.[image: ]


Fig. 3: Photovoltaic performance of the DHA-based perovskite solar cells incorporating P3HT.[image: ]


Fig. 4: Environmental stability and large-scale fabrication of P3HT-based DHA solar cells.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Linecut profiles of GIWAXS patterns.
a, b, Out-of-plane (a) and in-plane (b) linecut profiles of NBH and DHA films. These patterns correspond to Fig.Â 2b, c.


Extended Data Fig. 2 Investigation of the composition of HTABx(FAPbI3)0.95(MAPbBr3)0.05 for development of the WBH.
a, X-ray diffraction spectra of HTABx(FAPbI3)0.95(MAPbBr3)0.05 films (xÂ =Â 0.0, 0.1, 0.2, 0.3 and 0.4). Only the spectrum of the film in which x = 0.3 shows a distinct peak at a 2Î¸ value of 5.4Â°, corresponding to the signal at a qz of 0.39 Ã…âˆ’1 along the direction perpendicular to the substrate that was obtained from the DHA film in the GIWAXS pattern of Fig.Â 1c and Extended Data Fig.Â 1a. This indicates that the crystalline WBH thin layer in the DHA configuration should be formed with a composition close to xÂ =Â 0.3. b, Tauc plots of (FAPbI3)0.95(MAPbBr3)0.05 (NBH) and HTAB0.3(FAPbI3)0.95(MAPbBr3)0.05 (WBH) films.


Extended Data Fig. 3 Effect of the concentration of HTAB on the development of the WBH layer.
aâ€“d, Scanning electron microscopy images of the pristine perovskite surface (a), and perovskite surfaces treated with 0.5 mM (b), 1.0 mM (c) and 1.5 mM (d) HTAB solution. The scale bar (500 nm) in a also applies to the other images.


Extended Data Fig. 4 The distribution of lead in cross-sections of control and DHA films.
Scanning TEM images of the control (a) and DHA (c) films, near to the film surface. HAADF scanning TEM images of the control (b) and DHA (d) films.


Extended Data Fig. 5 Energy-level alignment in DHA-based perovskite solar cells containing P3HT.
a, Ultraviolet photoelectron spectra of NBH, WBH and P3HT. b, Energy-level diagram of NBH, WBH and P3HT. The Fermi levels and valence-band maxima were obtained by ultraviolet photoelectron spectroscopy, and the conduction band minima were determined by adding the optical bandgaps to the valence-band maxima.


Extended Data Fig. 6 Reduced trap-assisted recombination.
a, Jâˆ’V curves of control and DHA devices without hole-transport material (FTO/d-TiO2/mp-TiO2/NBH/(WBH)/Au). b, Time-resolved photoluminescence decays of control perovskite and DHA.


Extended Data Fig. 7 Optimized alkyl chain length of the alkyl trimethylammonium bromide for high-performance perovskite solar cells containing P3HT.
a, Raman spectra of control and DHA devices treated with various alkyl trimethylammonium bromides (butyl- (C4), hexyl- (C6), octyl- (C8) and decyl- (C10)) and covered with P3HT under excitation at 514 nm. b, Maximum intensity of the symmetric C=C stretch mode (around 1,446 cmâˆ’1) obtained from the corresponding samples. c, Jâˆ’V curves of DHA devices treated with various alkyl trimethylammonium bromides, containing P3HT as an HTM. d, Summary of photovoltaic parameters obtained from the corresponding Jâˆ’V curves.


Extended Data Fig. 8 Certificate of photovoltaic performance obtained from DHA solar cells using P3HT.
The photovoltaic parameters are summarized in the table on the certificate. The external quantum efficiency spectrum was obtained from the corresponding device.


Extended Data Fig. 9 Effects of DHA configuration on photovoltaic performance using various dopant-free organic HTMs.
aâ€“d, Jâˆ’V curves of the control device (red) and the DHA device (blue) using PTAA (a), spiro-OMeTAD (b), PCPDTBT (c) and PTB7 (d) without any dopants. Solid and dashed lines indicate Jâˆ’V curves measured along the reverse-scan and the forward-scan direction, respectively.


Extended Data Fig. 10 Series resistance of control and DHA devices with or without P3HT.
a, Iâˆ’V plots of control and DHA films without an electron-transport layer and a hole-transport layer. b, Jâˆ’V curves of control and DHA devices under 1-Sun illumination, and Jâˆ’V curves shifted by the short-circuit current density (JSC) of the corresponding devices under dark conditions30.


Extended Data Fig. 11 Schematic architecture of the perovskite module.
a, Top view of the entire module, including the glass substrate. The active strips, gold electrode, designated illumination area and glass substrate are indicated in black, yellow, red and blue, respectively. b, Top view of the eight active strips in the module. The units in a and b are miliimetres. c, Side view of an interval between adjacent active strips in the module. The vertical length scale is arbitrarily set to show the structure of the interval.


Extended Data Table 1 Comparison of P3HT, PTAA and spiro-OMeTAD in terms of hole-transport materials for perovskite solar cellsFull size table


Extended Data Table 2 Summary of photovoltaic parametersFull size table
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