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            Abstract
The fundamental parameters of majority and minority charge carriersâ€”including their type, density and mobilityâ€”govern the performance of semiconductor devices yet can be difficult to measure. Although the Hall measurement technique is currently the standard for extracting the properties of majority carriers, those of minority carriers have typically only been accessible through the application of separate techniques. Here we demonstrate an extension to the classic Hall measurementâ€”a carrier-resolved photo-Hall techniqueâ€”that enables us to simultaneously obtain the mobility and concentration of both majority and minority carriers, as well as the recombination lifetime, diffusion length and recombination coefficient. This is enabled by advances in a.c.-field Hall measurement using a rotating parallel dipole line system and an equation, Î”Î¼HÂ =Â d(Ïƒ2H)/dÏƒ, which relates the holeâ€“electron Hall mobility difference (Î”Î¼H), the conductivity (Ïƒ) and the Hall coefficient (H). We apply this technique to various solar absorbersâ€”including high-performance lead-iodide-based perovskitesâ€”and demonstrate simultaneous access to majority and minority carrier parameters and map the results against varying light intensities. This information, which is buried within the photo-Hall measurement1,2, had remained inaccessible since the original discovery of the Hall effect in 18793. The simultaneous measurement of majority and minority carriers should have broad applications, including in photovoltaics and other optoelectronic devices.
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                    Fig. 1: The carrier-resolved photo-Hall measurement.


Fig. 2: Carrier-resolved photo-Hall analysis in a high-performance perovskite film.


Fig. 3: Carrier-resolved photo-Hall analysis in a single-crystal p-silicon sample.
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Extended Data Fig. 1 Performance of the (FAPbI3)0.88(MAPbBr3)0.12 solar cell device.
a, Current densityâ€“voltage (Jâ€“V) curves measured by reverse (black) and forward (red) scans. The photovoltaic performance values are summarized in the table. b, The external quantum efficiency spectrum. c, Histogram of the power conversion efficiencies obtained from Jâ€“V curves measured by reverse scan (grey) and forward scan (blue), and the average for 80 cells (red).
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Supplementary Video 1
 | Animation of the rotating parallel dipole line (PDL) Hall system and its field evolution The master magnet generates a counterclockwise field rotation (red) while the slave magnet follows synchronously but in the opposite direction, generating a clockwise field rotation (green). This results in a total field (blue) that is unidirectional (always pointing normal to the sample) and single harmonic at the centre where the sample resides.
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