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Abstract The Cu,ZnSn(S,Se;.)s (CZTSSe) absorbers are promising thin film solar cells (TFSCs) materials, to replace
existing Cu(In,Ga)Se; (CIGS) and CdTe photovoltaic technology. However, the best reported efficiency for a CZTSSe device,
of 13.6 %, is still too low for commercial use. Recently, partially replacing the Zn>" element with a Cd*‘element has attracting
attention as one of the promising strategies for improving the photovoltaic characteristics of the CZTSSe TFSCs. Cd*" elements
are known to improve the grain size of the CZTSSe absorber thin films and improve optoelectronic properties by suppressing
potential defects, causing short-circuit current (Js) loss. In this study, the structural, compositional, and morphological charac-
teristics of CZTSSe and CZCTSSe thin films were investigated using X-ray diffraction (XRD), X-ray fluorescence spectro-
meter (XRF), and Field-emission scanning electron microscopy (FE-SEM), respectively. The FE-SEM images revealed that the
grain size improved with increasing Cd*" alloying in the CZTSSe thin films. Moreover, there was a slight decrease in small
grain distribution as well as voids near the CZTSSe/Mo interface after Cd*" alloying. The solar cells prepared using the most
promising CZTSSe absorber thin films with Cd*" alloying (8 min. 30 sec.) exhibited a power conversion efficiency (PCE) of
9.33 %, Ji. of 34.0 mA/cm?, and fill factor (FF) of 62.7 %, respectively.
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Fig. 1. Structural characterization of CZTSSe thin films with different Cd** element alloying times (a) XRD spectra of all Cd alloying CZTSSe,

(b) local magnification images of (112).

Table 1. The XRD parameters for CZCTSSe thin films.

Sample d-spacing [A] 26 (degree) FWHM left [26]
CZTSSe 3.260 27.332 0.3754
CZCTSSett1 3.265 27.288 0.3728
CZCTSSe#2 3.268 27.261 0.3641
CZCTSSe#3 3.269 27.258 0.3808
Table 2. The XRF result of CZCTSSe thin films.
Samples Cu/(Zn+Sn) Zn/Sn Cu/Sn Cu/Zn (S+SeyM S/(S+Se) Se/(S+Se)
CZTSSe 0.6417 1.1681 1.3914 1.1911 1.1009 0.1254 0.8746
CZCTSSe#1 0.7753 0.7809 1.3807 1.7682 1.1198 0.1173 0.8827
CZCTSSe#2 0.8013 0.7554 1.4065 1.8620 1.1352 0.1327 0.8673
CZCTSSe#3 0.8005 0.8421 1.4745 1.7510 1.1760 0.1283 0.8717
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Fig. 2. Cross-section FE-SEM images of CZTSSe thin films with different Cd** element alloying times (a) CZTSSe (0 min), (b) CZCTSSe#1
(7 min. 30 sec.), (c) CZCTSSe#2 (8 min. 30 sec.), (d) CZCTSSe#3 (9 min. 30 sec.).
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Fig. 3. Surface FE-SEM images of CZTSSe thin films with different Cd*" element alloying times (a) CZTSSe (0 time), (b) CZCTSSe#1 (7 min.
30 sec.), (c) CZCTSSe#2 (8 min. 30 sec.), (d) CZCTSSe#3 (9 min. 30 sec.).

Table 3. The EDS data for CZCTSSe thin films.

Sample Culat%] Zn[at%] Sn[at%] S [at%] Se [at%] Cd[at%] Cd/(Zn+Cd) Cu/(Zn+Cd+Sn) (Zn+Cd)/Sn
CZTSSe 25.07 14.31 12.86 6.18 41.58 0 0 0.92 1.11
CZCTSSe#1 24.24 15.98 10.73 7.45 40.58 1.01 0.06 0.87 1.58
CZCTSSe#2 25.64 15.35 10.02 4.64 41.98 1.36 0.08 0.96 1.67
CZCTSSe#3 25.38 13.51 11.5 5.57 42.31 1.73 0.11 0.95 1.33
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Fig. 4. J-V curves of devices with the best PCE of CZTSSe solar
cells fabricated at various Cd*" element alloying times.
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Fig. 5. (a) External Quantum Efficiency and (b) Band gap energy of devices with the best PCE of CZTSSe solar cells fabricated at various
Cd* element alloying times.
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Table 4. The highest efficiency device performance of CZCTSSe solar cell.
Sample Vo (mV) Jie (MA/cm?) FF (%) N (%) R (Q) R (Q)
CZTSSe 448 29.2 58.8 7.71 12.5 1,109.5
CZCTSSe#l1 442 31.2 59.4 8.19 9.5 764.8
CZCTSSe#2 437 34.0 62.7 9.33 8.3 915.6
CZCTSSe#3 455 32.3 60.5 8.89 9.8 983.1
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