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            Abstract
Silicon dominates contemporary solar cell technologies1. But when absorbing photons, silicon (like other semiconductors) wastes energy in excess of its bandgap2. Reducing these thermalization losses and enabling better sensitivity to light is possible by sensitizing the silicon solar cell using singlet exciton fission, in which two excited states with triplet spin character (triplet excitons) are generated from a photoexcited state of higher energy with singlet spin character (a singlet exciton)3,4,5. Singlet exciton fission in the molecular semiconductor tetracene is known to generate triplet excitons that are energetically matched to the silicon bandgap6,7,8. When the triplet excitons are transferred to silicon they create additional electronâ€“hole pairs, promising to increase cell efficiencies from the single-junction limit of 29 per cent to as high as 35 per cent9. Here we reduce the thickness of the protective hafnium oxynitride layer at the surface of a silicon solar cell to just eight angstroms, using electric-field-effect passivation to enable the efficient energy transfer of the triplet excitons formed in the tetracene. The maximumÂ combined yield of the fission in tetracene and the energy transfer to silicon is around 133 per cent, establishing the potential of singlet exciton fission to increase theÂ efficiencies of silicon solar cells and reduce the cost of the energy thatÂ they generate.
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                    Fig. 1: The concept of downconversion and the materials employed in this study.[image: ]


Fig. 2: Photocurrent experiments.[image: ]


Fig. 3: Photoluminescence experiments.[image: ]


Fig. 4: Effect of an applied magnetic field on the photoluminescence of silicon.[image: ]


Fig. 5: Exciton transfer yield.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Atomic force microscopy data of HfOxNy (8Â Ã…, five atomic layer deposition cycles) on silicon.
The film quality was monitored using atomic force microscopy (Veeco Metrology Nanoscope V 3100 SPM; tip, HQ:NSC14/AL BS). The film thickness was monitored using ellipsometry (J. A. Woollam VASE ellipsometer). 500Â cycles correspond to a thickness of 83Â nm. RMS, root mean square.


Extended Data Fig. 2 Fabrication process of singlet-fission-enhanced silicon solar cells.
Steps 1â€“14 are based on a previous work21. BOE, buffered oxide etch. RT, room temperature. ALD, atomic layer deposition; IPA, isopropylalcohol; NR9-1000PY; negative-tone photoresist designed for 365Â nm wavelength exposure; RD6, resist developer; SC1, RCA standard clean 1; SC2, RCA standard clean 2; PV, photovoltaic cell; p-Si, boron-doped silicon.


Extended Data Fig. 3 Short-wavelength infrared EQE spectra for a tetracene-coated silicon solar cell (siliconâ€“8-Ã… HfOxNyâ€“30 nm tetracene) andÂ  a silicon solar cell without tetracene (siliconâ€“10 nm aluminium oxide).
Devices are fabricated using the procedures described in Methods and show increases in EQE at long wavelengths, potentially due to poor carrier collection from the front of the cell. We note that in the absence of tetracene, there is ineffective thin-HfOxNy passivation. Siliconâ€“8-Ã…-HfOxNy devices generate negligible photocurrent, in agreement with our measurements of the surface recombination velocity in the absence of tetracene. Tc, tetracene.


Extended Data Fig. 4 Silicon photoluminescence (PL) spectrumÂ corresponding to the band-to-band transition.
The peak is at 1,144Â nm (1.1Â eV).


Extended Data Fig. 5 Degradation for wavelength sweeps in the excitation spectrum.
Arrows indicate the direction of the wavelength sweep (from short to long wavelengths or vice versa). The time t indicates the start time of the sweep relative to the start of the entire measurement. a.u., arbitrary units.


Extended Data Fig. 6 Dependence of the change in photoluminescence from the applied magnetic field on the optical intensity (pump power density).
Exciting the sample with vastly different intensities (left, 8.2 mWÂ cmâˆ’2 and right, 933 mWÂ cmâˆ’2) yields a similar effect on the change in photoluminescence (âˆ’4.7% and âˆ’4.2%, respectively). Error bars are 1Ïƒ; nÂ =Â 4,000.


Extended Data Fig. 7 Bichromatic experiments with different probe beam wavelengths.
The choice of the second pump wavelength (left, 785Â nm; right, 632.8Â nm) has no influence on the change in photoluminescence from the application of the magnetic field (about âˆ’2.0% for both secondary wavelengths). This excludes the possibility that any effects resulting from the choice of the second pump beam impair our determination of the exciton yield. The ratio of the flux density is calculated by comparing the number of incident photons per second from the two pump beams. The photon flux density of the 785Â nm beam is 35 times larger than that of the 532Â nm beam and the photon flux density of the 632.8Â nm beam is 27 times larger than that of the 532Â nm beam. Error bars are 1Ïƒ; nÂ =Â 4,000.


Extended Data Fig. 8 Beam alignment for the bichromatic experiment with theÂ second probe at 632.8Â nm.
The green beam (Genesis, 532Â nm) influences the surface properties through passivation, and so must cover the same area or a larger area than the red beam (Thorlabs HeNe, 632.8Â nm). CCD, charge-coupled device.


Extended Data Fig. 9 Beam alignment for the bichromatic experiment with theÂ second probe at 785Â nm.
The green beam (Genesis, 532Â nm) influences the surface properties through passivation, and so must cover the same or a larger area than the red beam (Thorlabs photodiode, 785Â nm).


Extended Data Fig. 10 Back protection using PDMS.
During device fabrication, we protect the back contacts using PDMS Â andÂ an encapsulating piece of silicon to provide a sealÂ during the front-side cleaning step. Here we show that the presence of PDMS on the back side can corrupt the integrity of the front surface. A full RCA clean of the front surface at 80â€‰Â°C shows no change in photoluminescence under an applied magnetic field. Using a milder version of the clean at 60â€‰Â°C partly alleviates the issue but the change in photoluminescence from the applied magnetic field is not as large as in the samples processed without PDMS (see Fig. 5).
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