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Supplementary material – 1: Certificates showing the performance of the 13.04% 

CZTSSe solar cell

Figure S1. Independent certification of the 13.04% CZTSSe device with an area of

0.50238 cm2.
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Supplementary material – 2: The sample box system

Figure S2 shows a photograph of the sample box system used in the heat treatment process. The 

boat and cover were made of quartz. The sample holder was made of SiC-coated graphite. 

Several Se shots were placed on the bottom of the quartz boat, and the sample holder was placed 

between the boat and the cover. The Se shots were a product of Sigma-Aldrich, Inc., and 

approximately 0.2 g was used for selenization. The quartz cover served to contain vapourized 

gas from the lower selenium shots. Figure S2 shows nine SLG-Mo/Zn/Cu/Sn stack structure 

samples placed on the sample holder. Small holes were designed on the four sides of the sample 

holder. Through these holes, the selenium vapour was brought to the top of the sample.

Figure S2. Picture of the sample box system.
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Supplementary material – 3: Temperature profile

The temperature profile of our reference process is depicted in Figure S3. The heating profile 

consisted of two stages, in which the temperature was increased in the first stage from room 

temperature to 300 °C. The final stage aimed to form a CZTSSe phase by maintaining the 

temperature at 480 °C, followed by natural cooling to room temperature. The holding time for 

the first stage was 15 min, and the applied heating rate was 0.5 °C/sec. The holding time for the 

final stage was 10 min, and the applied heating rate was 0.1 °C/sec.

Figure S3. Internal heating profile.
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Supplementary material – 4:  Nanowire growth in the sample

Supplementary material Figure S4 depicts the Zn volatilization phenomenon with photographs 

of a sample and a quartz cover. Evidence of volatilization can be confirmed by photographs of 

the heat treatment process stage. Figure S4-1 is a photograph of a quartz cover and a sample 

formed by holding at 300 °C for 15 min and then stopping the process and cooling to room 

temperature. Interestingly, a yellow material is deposited on the quartz cover; the yellow pattern 

exactly matches the colour gradient area on the sample. According to EDS analysis, the yellow 

substance deposited on the quartz plate is a Zn-Se compound (not shown here). Analysis of the 

colour gradient region of the sample surface shows that nanowires are densely formed on the 

surface of the thin film. In other words, the nanowire region formed on the thin film and the 

region where the Zn-Se material is attached to the upper quartz cover face each other. The area 

where the Zn-Se nanowires are formed on the surface of the sample is blacker, and the colour 

of the area on the quartz cover facing the Zn-Se nanowires is darker. A relatively large number 

of Zn-Se nanowires were formed in the dark black region of the sample. A dark yellow colour 

is also observed on the quartz cover area that faces the many nanowire area. This result means 

that more Zn-Se nanowires are formed in the region where Zn is highly volatile, and the 

volatilized Zn material reacts with Se and is deposited on the quartz cover.

Figure S4-1. Photo of the sample box and a sample annealed at 300 °C for 15 min. (a) An 

annealed sample is placed in the sample holder, and a quartz plate cover is placed on top. (b) 

Sample surface photograph, and (c) quartz plate photograph.
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Figure S4-2. Photo of a sample made at 360 °C. (a) Sample surface photograph, and

(b) quartz plate cover photograph.

Figure S4-3. Photo of a sample made at 420 °C. (a) Sample surface photograph, and (b) quartz 

plate cover photograph.

Figure S4-4. Photo of a sample made at 480 °C for 10 min. (a) Sample surface photograph, and 

(b) quartz plate cover photograph.
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Supplementary material – 5: composition of ZnSe nanowires

The components of the nanowires were analysed by excluding the EDX components of 

background 1 region from the EDX analysis results of region 2 where nanowires were formed. 

The nanowires were roughly composed of Zn:Se at a ratio of 2:1.

Figure S5. STEM image of nanowires.
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Supplementary material – 6: Depth analysis of CZTSSe thin films

To understand the element dispersion, STEM-EDX line scan of Figure 6, time of flight 

secondary ion mass spectrometry (TOF-SIMS) and Auger electron spectroscopy (AES) depth 

analyses were employed for the sister cell of the champion device.

Figure S6-1. In the cross-sectional STEM image (a) of Figure 6 in the articel, the line 

composition profile of S and Se. The scanning direction of (b) and (c) is the same as arrow 
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direction ⓒ in (a). As shown in (b) and (c) in the figure, Se decreases by arrow direction ⓒ, 

and S increases. Figures (d) and (e) are comparative data of Se and S elements in the upper and 

lower regions of the CZTSSe absorption layer, respectively. It can be seen that S is higher at 

the bottom of Se than at the bottom.

Figure S6-2. TOF-SIMS depth profiles of Cu, Zn, Sn, S, Se and Mo in a CZTSSe thin film. It 

can be seen that the composition ratios of Se and S are different in the direction of the rear 

electrode Mo of the absorption layer.

Figure S6-3. AES depth profiles of Cu, Zn, Sn, S, Se, O, Cd and Mo in a CZTSSe solar cell. 

AES depth profile results are also identical to the depth profiles results of STEM-line and TOF-

SIMS.
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Supplementary material – 7: Certificates showing the performance of CZTSSe solar 

cells

Figure S7-1. Independent certification of the 12.62% CZTSSe device with an area of 0.4804 

cm2.
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Figure S7-2. Independent certification of the 11.28% CZTSSe device with an area of 1.1761 

cm2.
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Supplementary material – 8: External quantum efficiency of certified 12.62% CZTSSe 

(DGIST)

Figure S8. EQE characteristic curves and extracted band gap characteristics of 12.62% 

certified devices (EQE data was measured with Newport's certification.)


