
Supporting Information
Visualization and deconvolution of carrier kinetics within grains of Cu2ZnSnS4-xSex using 
ultrafast diffuse reflectance microscopy 

Maha Sharif1,2, Xiao Ma1,2, Elham Ghadiri1,2

1Department of Chemistry, and 2Center for Functional Materials, Wake Forest 
University, Winston-Salem 27109, North Carolina, United States

Electronic Supplementary Material (ESI) for Journal of Materials Chemistry C.
This journal is © The Royal Society of Chemistry 2024



Fig. S1. Enlarged Brillouin zone for Kesterite CZTS generated by Seek-path1.

Fig. S2. Energy dispersive spectrum (EDS) for Cu2ZnSnS4.



Fig. S3. Representative principal components of the TAS extracted from TAM images. 
PCs are fitted with single exponential functions and the fitting parameters are provided 
in the supporting table 1. 

Supporting Table S1. Parameters of exponential function fit to TAS PC components 
extracted from TAM images shown in Fig. 3 and S.

Y0 A1 1 (ps)
PC1 0.14 ± 0.00 0.08 ± 0.00 31.25±4.71
PC2 -0.01 ± 0.00 -0.17 ± 0.00 8.25±0.68
PC3 0.18 ± 0.01 -0.34± 0.01 11.37±0.62

Calculation of laser fluence, and carrier density
The absorbtion coefficient α of CZTS was estimated using equation S1, as suggested by 
Bindu et al.2:

𝛼 =
ln
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𝑇% + 𝑅%

𝑑
                                                                                                                                      (𝑆1)

According to Fig. 1c at 460 nm, the Transmittance% (T%) of the sample is 1.1 % and the 
Reflectance% (R%) is 28.3 %. The thickness d of the CZTS film for which the optical 
absoption responses are provided in Fig. 1c, was measured by the cross section under 
SEM.



Fig. S4. (a) The corss-section scanning electron microscopy (SEM) image of CZTS film,
(b) EDS in line scan mode and (c) corrspoding elemental distribution results across the 
green arrow shown in Fig. S4b.

Therefore, the absorbtion coefficient  for the CZTS sample at 460 nm.𝛼 = 8.1 × 103𝑐𝑚 ‒ 1

With a pump power of 1 mW and a beam diameter of 5 m, the pump fluence was typically 
50 . With an absorption coefficient of  (calculation shown above) and 𝑚𝐽 𝑐𝑚 ‒ 2 8.1 × 103𝑐𝑚 ‒ 1

assuming a photon-to carrier yield of 100% for the CZTS sample, the initial carrier density 
was estimated  according to equation S2 according to previous reports 3:9.4 × 1020𝑐𝑚 ‒ 3 

𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =  
𝐹 𝛼
ℎ𝜐

                                                                                                                              (𝑆2)

Where F and  represent the fluenece and absorption coeffiecient respectively, and is 𝛼 ℎ𝜐 
photon energy.



For 600 nm-pump, T% become 5.61% and R% is 27.36%, α become 
 and the initial carrier density would become , which is 1.11/𝑑 = 7.4 × 103𝑐𝑚 ‒ 1 11.2 × 1020𝑐𝑚 ‒ 3

18.6 % larger than the value for 460 nm-pump.
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