
1

Supporting Information

Lanthanum-induced synergetic carrier doping of heterojunction to achieve 
high efficiency Kesterite solar cells
Kang Yin a,c, Licheng Lou a,c, Jinlin Wang a,c,Xiao Xu a,c, Jiazheng Zhou a,c, Jiangjian Shi a*, 

Huijue Wu a, Dongmei Li a,c,d, Yanhong Luo a,c,d*, Qingbo Meng a,b,c,d*

a Beijing National Laboratory for Condensed Matter Physics, Institute of Physics, Chinese Academy of 

Sciences, Beijing 100190, P. R. China

b Center of Materials Science and Optoelectronics Engineering, University of Chinese Academy of 

Sciences, Beijing 100049, P. R. China

c School of Physical Sciences University of Chinese Academy of Sciences, Beijing 100049, P. R. China

d Songshan Lake Materials Laboratory, Dongguan, Guangdong 523808, P. R. China

*Corresponding author.

E-mail: shijj@iphy.ac.cn E-mail: yhluo@iphy.ac.cn E-mail: qbmeng@iphy.ac.cn

Electronic Supplementary Material (ESI) for Journal of Materials Chemistry A.
This journal is © The Royal Society of Chemistry 2023



2

Fig. S1. AFM images of Ctrl and La-5 films.

Fig. S2. SEM images of Ctrl and La-5 films and Grain size distribution of those two films. 

The grain sizes of the Ctrl and La-5 films were mainly 0.6-1.2 microns, and the average 

sizes were 0.94 and 0.92 microns respectively. This indicates that the grain size does not 

change significantly after La doping.
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Fig. S3. Cross-sectional-SEM images of Ctrl and La-5 films.

Fig. S4. XPS spectra of La in La-5 film (a) and La(OH)3 powder (b). The peaks at 834 

(3d5/2 cf0) and 852 eV (3d3/2 cf0) are attributed to the corresponding two spin−orbits of 

3d5/2 and 3d3/2, Further, the peaks at 837 (3d5/2 cf1L) and 856 eV (3d3/2 cf1L) can be 

attributed to the satellite peaks of 3d5/2 and 3d3/2 spin−orbits, respectively. According to 

reported results, for La(OH)x the ratio of intensity of XPS peaks of La 3d and their 

satellite peaks f0/f1 is greater than 1, but for La2S3 the ratio f0/f1 is less than 1.1-4 It could 

be clearly seen that the f0/f1 of La(OH)x is greater than 1 in Fig. S4b. However, for La-5 

film, the f0/f1 is slightly less than 1. This indicates that part of La possibly diffused from 

La(OH)x layer to CdS layer and substitute the Cd position in the CdS to form La-S bond.
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Fig. S5. XRD pattern and UV-Vis absorption spectrum of La(OH)3 powder obtained from 

mixing LaCl3 and NaOH solutions.

Fig. S6. XRD patterns of control, La-2, La-5 and La-10 films.

Fig. S7. Raman patterns of control, La-2, La-5 and La-10 films.
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Fig. S8. ToF-SIMS spectra of La-5 devices.

Fig. S9. f vs -f (dC/f) plot from C-f-T spectra of Ctrl and La-5 devices.

Fig. S10. C-f-T spectra of Ctrl and La-5 device and Arrhenius plots for control and La-5 

samples obtained from thermal admittance spectra.
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Fig. S11. C-V curves and Mott-Schottky plot Ctrl and La-5 films.

Fig S12. C-V profile of Ctrl and La-5 cells at 100 kHz.

Table S1. Material parameters of different layers for SCAPS-1D simulation.5-7

Parameters ACZTSSe CdS CZTSSe/CdS
interface ZnO

Thickness (μm) 1.2 0.05 - - 0.025

Bandgap (eV) 1.1 2.45 - - 3.4

Electron affinity (eV) 4.1 3.7 - - 4.15

Dielectric permittivity (relative) 7 10 - - 10

CB effective DOS (1/cm3) 2.2*1018 1*1019 - - 1*1021

VB effective DOS (1/cm3) 1.8*1019 1.5*1019 - - 9*1018

Electron thermal velocity (cm/s) 1*107 1*107 - - 1*107
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Hole thermal velocity (cm/s) 1*107 1*107 - - 1*107

Electron mobility (cm2/Vs) 50 50 - - 5*10-4

Holt mobility (cm2/Vs) 1 20 - - 10

Shallow donor density ND (1/cm3) 1 5*1017 for Ctrl
2*1018 for La-5

- - 1*1019

Shallow acceptor density ND (1/cm3) 3*1015 for Ctrl
1*1016 for La-5 1 - - 1

Defects

Single acceptor 
0.2 eV above EV
6*1015 cm-2 
Single donor
0.3 eV blow EC
1.5*1015 cm-2 

- -

Single acceptor
0.3 eV above EV
9*1011 cm-2 for Ctrl
2*011 cm-2 for La-5

Single donor
0.6 eV above EV
1*1014 cm-2

Parameters MoSe2 Back contact Front contact ITO 

Thickness (μm) 0.6 - - - - 0.2

Bandgap (eV) 1.16 - - - - 3.8

Electron affinity (eV) 4.3 - - - - 4.6

Dielectric permittivity (relative) 9 - - - - 10

CB effective DOS (1/cm3) 2.2*1018 - - - - 4*1018

VB effective DOS (1/cm3) 1.8*1019 - - - - 9*1018

Electron thermal velocity (cm/s) 1*107 - - - - 1*107

Hole thermal velocity (cm/s) 1*107 - - - - 1*107

Electron mobility (cm2/Vs) 50 - - - - 50

Holt mobility (cm2/Vs) 20 - - - - 20

Shallow donor density ND (1/cm3) 1 - - - - 1*1021

Shallow acceptor density ND (1/cm3) 3*1016 - - - - 1

Thermionic emission / surface 
recombination velocity (cm/s)

Electrons 105

Holes 107
Electrons 107

Holes 105

Single donor
0.6 eV above EV
1*1014 cm-2
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Fig. S13. Simulated J-V curves by SCPAS with the parameters in table S1.
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Fig. S14. Certified test report of the champion CZTSSe solar cell by National PV Industry 

Measurement and Testing Center (NPVM).
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Figure S15. Temperature- dependence Series resistance (Inset: ln(RST) vs 1000/T plot) 

variation of control and La-5 cells. The relative lower carrier barrier potential ΦB of La-5 

cell is consistent of the proper energy band alignment simulated by SCAPS-1D shown in 

figure 4d.
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