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Figure S1. a Histogram of the power conversion efficiencies of the CZTSe solar cells using the same
CZTSe absorbers fabricated in this work. 36 cells are included. b 1-V curves of an un-capsulated
CZTSe solar cell aged in a nitrigen box (30% to 40% humidity ) for 42 days and 167 days
respectively.Due to the pandemic lockdown, the first I-V measurement was performed 42 days after

the completion of the device.
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Figure S2. The fitting results of (a) Rs, A and (b) Jo of the high efficiency CZTSe solar cell using the
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Figure S3 a TEM image of the CZTSe/CdS/ZnO heterointerfaces. b Element profile from the EDS

line-scan at the region indicated by the red arrow in a.
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Figure S4. HRTEM image and the color-coded inverse fast Fourier transformation (FFT) images of
the selected reflections revealing the dislocations (T marked) at the CZTSe/CdS heterointerface.
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Figure S6. The fit of band gap derived from the EQE data.
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Figure S5. a Temperature dependent J-V curves in dark. b Fits of temperature dependent Rs and A
using the J-V data. ¢ Temperature dependent J-V curves under one sum illumination.
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Figure S7. Simulated excitation depth of electron beam energy of 5keV and 10keV by Monte Carlo
method using the CASINO software.

Figure S8. Cross-section SEM image (left) and EBIC image (right) of the cleaved CZTSe device at
different regions. The yellow arrows indicates where EBIC line profile are taken.
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Figure S9. Extracted EBIC profiles along the corresponding yellow arrows in Figure S9. The space
charge region width, Wscr is fitted using the analytical model described in Ref 4],
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Figure S10. The CPD and topology profiles of GB2- GB5 indicated in Figure 4 a and 4b. The dash

lines are the visual guide of the average CPD distribution neat the GBs.

Figure S11. a TEM image of a GB where EDS line-scan in b was taken. The EDS line-scan shows a

slight Cu peak at the GB.
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Figure S12. SEM image of the sample used for CL measurement.
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Figure S13. Na and Mo depth profile of the CZTSe absorber measured by SIMS. This data was
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aquired together with the SIMS data in Figure 1d.




= CL
s PL

Ec, =1.00 eV
Ep=1.02 eV

Normalized Intensity (arb.unit)

800 1000 1200 1400 1600 1800
Wavelength (nm)

Figure S14. The cathodoluminescence and photoluminescence spectra of the CZTSe film.

Figure S15. Cross-section TEM (1 and 2) and SEM(3) images of CZTSe solar cells. The yellow frames
are manually plotted along the grain boundaries to define the grain size of each grain.
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Figure S16. Statistic grain size extracted from cross-section TEM and SEM images in Figure S13. A
grain size is approximately calculated as the square root of the area of the grain. The grains directly
connect to buffer layer are regarded as the “top* grains while the others are regarded as “bottom* grains.
The average size of “top* grains is 1.1 um and the average size of “bottom* grains is 0.5 pm.
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Figure S17. The schematic of the unit cells: (a) the reference cell with 1.1 pm top grains and 0.5 pm
bottom grains; (b) the 0.5 pm grains cell; (c) the 3 pm grain cell. The thickness of CZTSe absorber is
fixed at 1.5 to 1.6 pm.
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. The simulated and experimental JV (a) and EQE (b) curves of CZTSe devices.
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Figure S19. The radiative minority carrier lifetime vs. hole carrier density of CZTSe materials

according to the radiative limit: traa = 1/BN, where trqq is the radiative recombination lifetime, B is
the radiative recombination probability, and N is the carrier density. Here, B could be extracted using
the equation defined by the electron and hole effective masses, dielectric constant, and bandgap: B =

300\1° _ . .
) X (T) EZ [em3sec™*].%2 Using m; = 0.08 and

m}, = 0.21,2 B for CZTS is calculated to be 1.9x1071° cm?/sec.
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Figure S20. Schematic diagram of the custom-made Se furnace used for the selenization annealing.
The piezo gauge is a piezoelectric gauge which works between 1-100kPa. The substrates are face-
down placed, and the substrate heater is made of molybdenum wires. A thermo couple directly
contacting with the back of substrate is used to monitor the substrate temperature. The temperature of
the stainless-steel box is maintained at around 200°C during pre-alloying treatment while around 450°C
during selenization. Details of Se atmosphere control can be find in Ref. 4.
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Table S1: Key semiconductor parameters used for 3D simulations. The absorption of CZTSe was
taken from Ref. 5.

Material Parameters Electron Hole Unit
Relative permittivity 10
Thickness 20 nm
Electron affinity 4.2 eV
Bandgap 2.4 eV
Density of states 2.20E+18 1.80E+19 cm®
Constant mobility 100 25 cm2Vist
Doping 1.00E+17 NA cm®
Relative permittivity 8.6
Thickness 5 nm
Electron affinity 4.09 eV
Bandgap 2.7 eV
Density of states 1.61E+18 1.63E+19 cm?3
Constant mobility 400 110 cm2V-ist
Doping 1.00E+12 NA cm?3
Relative permittivity 8.6
Thickness 1600 nm
Electron affinity 4.54 eV
Bandgap 1.02 eV
Density of states 5.66E+17 2.41E+18 cm?3
Constant mobility 20 10 cm?V-ist
Doping NA 8.00E+14 cm?®
SRH lifetime 50 50 ns

Table S2. Simulated impact of intragrain minority carrier lifetime 76; on device performance, and
S, 7000 cm s7.

TGI (ns) 10 50 100 500 1000

Jsc 33.57
(mA/cm?)

36.22 36.59 36.89 36.93 36.96 36.96

\AIUASI 431.61 463.98 470.44 477.88 479.04 480.02  480.15
n (%) 8.16 11.07 11.71 12.38 12.48 12.56 12.57

FF (%) 56.32 65.87 68.05 70.25 70.56 70.80 70.84
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Table S3. Simulated impact of grain size on device performance, with intragrain lifetime 50 ns and
S, 7000 cm 57,

Grain size 0.5 pm 1 um 3 um

36.15 36.87 37.31
474.68 496.33 506.22
11.10 12.13 13.54
64.70 66.28 71.68
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