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Table 1 The intensity ratio of the undoped to doped absorbers under different excitation energy(W/cm2)

Excitation energy 0.212 0.282 0.360 0.445 0.535
Ratio 5.096 4.942 5.071 5.531 5.796

Table 2 The element content of the annealed absorbers detected by EPMA(%)

Temperature Cu Zn Sn Se S Na K
Undoped
480◦C 24.06 14.40 14.85 44.72 1.32 0.64 0.01
495◦C 23.45 14.08 13.44 47.22 0.85 0.96 0.01
510◦C 22.89 13.87 12.83 48.56 0.76 1.09 0.01
525◦C 22.35 13.54 12.62 49.46 0.93 1.09 0.01
540◦C 25.16 15.21 13.17 44.72 0.79 0.94 0.01
Doped
480◦C 23.27 14.22 13.09 48.02 0.32 1.06 0.02
495◦C 22.44 13.73 12.82 49.31 0.25 1.43 0.01
510◦C 23.34 14.62 13.10 47.07 0.68 1.15 0.04
525◦C 22.73 13.67 12.85 49.25 0.25 1.26 0.01
540◦C 23.32 14.09 12.65 48.21 0.34 1.35 0.02

Fig. 1 The annealing temperature versus time in the atmosphere of 3vol.% H2Se/Ar

Fig. 2 SIMS depth profiling of in-situ sodium doped precursor, prepared by sputtering the quaternary CZTS ceramic target, in which 0.6at % sodium
fluoride was pre-incorporated in.
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Fig. 3 Statistic box plots of the photovoltaic performance of solar cells with different selenization annealing temperature, respectively. Each group
consists of at least 5 individual solar cells. For the optimal temperature (510◦C), 12 individual cells were tested.

Fig. 4 (a) J-V curves of the undoped and doped devices measured in the dark,(b) Shunt resistance Rsh characterization, (c) Series resistance Rs and
ideality factor A characterization.

Fig. 5 Another focused ion beam cut cross section image of undoped and doped devices.
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Fig. 6 EDS mapping of copper, zinc, tin, selenium, molybdenum, sodium and potassium on the FIB cut cross section of undoped and doped device.
In this work,5 nm thick platinum coating was applied to enhance the surface conductivity of sample, in order to avoid the charge accumulation on the
surface. The dark area in Figure-S5(b) as well as on the surface SEM image of doped absorber could be caused by the different surface conductivity
rooting in uneven platinum coating.

Fig. 7 Admittance spectroscopy(C-f-T) of undoped and doped device at different temperatures, the abnormal increased capacitance of device from
300K to 260K was explained as the enlarged defect capture cross sections as temperature decreased here.
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