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S.1 TEM analysis 

Sample D was investigated by transmission electron microscopy (TEM) as described in the 

Experimental section of the article. Below some of the results are presented. For this sample the 

estimated thickness was 5-10 nm from TEM. The TEM investigation showed no clear indication 

of interdiffusion between buffer and absorber, however, due to the thin layer thickness more 

thorough characterization would have to be done to rule this out. 



 

Figure S1. Scanning transmission electron microscopy (STEM) image of the ZnO- ZTO- CZTS 

interface. 



 

Figure S2. High resolution transmission electron microscopy (HR TEM) image of the ZnO- 

ZTO- CZTS interface. 



 

Figure S3. Energy dispersive X-ray spectroscopy (EDS) line scan of the ZnO- ZTO- CZTS 

interface. 

  

0 10 20 30 40

[nm]

[arb
. u

n
its]



S.2 Post annealing effects 

Below a more thorough discussion about three of the different possible effects of post annealing 

on these samples is given. 

 

S.2.1 Cu-Zn disorder 

For the Cu-Zn disorder our previous experiments indicates that major changes only occur for 

longer times or higher temperatures.
[1]

 Additionally, the absorber bandgap should be affected by 

the ordering process. Looking at the QE bandgap for the two extra series in this paper, the two 

unheated CdS-references show a bandgap of 1.50 and 1.49 eV respectively, while the heated 

samples show 1.49 and 1.50 eV, indicating that the changes in Cu-Zn-disorder for these samples 

are small. This was also confirmed by Raman spectroscopy, where no significant changes were 

observed. 

 

S.2.2 Zn-enrichment of surface 

Generally the papers showing a change in cation surface composition have used higher annealing 

temperatures, for example, Tajima et al. made anneals at 300 and 400 °C which showed a Zn-

enriched surface while the sample annealed at 200 °C seemed unaffected in this sense.
[2]

 

However, the results from Dimitrievska et al. points to that the surface composition in CZTSe 

starts to be affected already from 150 °C.
[3]

 In this case Raman spectroscopy was used to evaluate 

air-annealing at different temperatures and the changes in Raman spectra was connected to 

changes in the amount of certain defect complexes. There are also reports where no change in Zn 

is seen even for high temperatures, as for example reported by Hironiwa et al., for temperatures 

up to 300 °C.
[4]

 

 



We recently presented a study of air-annealing, performed before etching and buffer deposition, 

with similar samples as the ones used in the present paper.
[5]

  For a sulfo-selenide sample that 

was air-annealed at 100 °C, changes in the surface composition of Zn were seen by x-ray 

photoelectron spectroscopy (data not shown in the article). Somewhat similar trends in the 

Raman spectra, as the ones presented by Dimitrievska et al., were observed.
[3]

 However, in the air 

annealing series, the sample heated in air at 100 °C showed a large improvement in electrical 

properties, opposite to what was seen for the sample heated at 105 °C in N2 in the present series. 

CV profiling was also done on the air-annealing series (data not shown in the article). The sulfo-

selenide air-annealed at 300 °C and its non-heated reference showed no significant difference in 

doping level, indicating that surface Zn-enrichment would not affect the doping value measured 

by CV. 

 

The change in QE seen for the Zn-treated sample is in agreement with the observation that the 

Zn-composition at the surface having an influence on the device properties. Regarding changes in 

Raman spectra, we do not find a reference for how the spectra changes with surface Zn-

enrichment, for the sulfide case. As mentioned above, in the present study no clear trends with 

temperature was seen in the Raman spectra, but if this can be said to be an indication of a lack of 

Zn-surface composition change is not possible to conclude at the moment. 

 

S.2.3 Na-redistribution 

Redistribution of Na in CZTS should be possible at low temperatures and short times, due to the 

small size of the Na-atoms. For CIGS, very quick diffusion of Na has been observed, mainly 

through grain boundaries but also in the bulk.
[6]

 Laemmle et al. suggest the direct interstitial 

mechanism as most likely for Na diffusion in CIGS and from the obtained data it is, for example, 



calculated that Na could diffuse 758 nm just during a chemical bath deposition process at 65 °C 

for 10 min.
[6]

 Due to the similarity between CIGS and CZTS crystal structure it is not far-fetched 

to assume a similar diffusion behavior in CZTS. The Na-explanation could agree with a 

phenomenon that is varying heavily, depending on deposition method and the exact conditions 

for the post annealing. Different ways of creating the absorber will leave different amount of Na 

inside the film. Additionally, the removal of Na from the solar cell surface could differ widely 

depending on at which step the solar cell is annealed, at which temperature and in which kind of 

atmosphere, both type and pressure. The latter was shown by Xie et al. where the Na spatial 

distribution was connected to the electrical performance of the devices, and an N2 anneal at 

200 °C completely deteriorated the device performance when it was performed in 1 bar, but 

barely affected the electronic properties when it was carried out at 1x10
-6

 bar.
[7]

 The theory 

presented in that paper, that there are two competing processes, Na supply (from the glass to the 

absorber) and removal (phase transformation and evaporation from the surface) could fit our 

results, but due to our lower pressure the evaporation from the surface would then be increased 

and the optimal point would occur at a lower temperature, which could agree with the results 

seen.
[7]

 

 

When the Na-redistribution is occurring after the buffer has started to be deposited, also the type 

of buffer may have a large influence, as seen for example in the case of CdS compared to 

Zn(O,S) on CIGS.
[8]

 Here voltage and heat was used to degrade and revive solar cell devices and 

it was seen that Na was accumulated in CdS but blocked by Zn(O,S) resulting in that the CdS 

device was possible to recover while the device with Zn(O,S) was not. Also for CZTS it has been 

shown that the Na-content in the buffer layer may have an influence on the electronic 

properties.
[9]

 In this case only heating (300 °C for 30 min) was used as treatment.  



A main difference between our two supplementary series is that the surface was etched before in 

one case and after in the other case. This will affect which compounds are present on the surface, 

which in turn could affect for example the progression of Na-diffusion. In the case of samples A-

D the situation is even more complex since a film is continuously growing, and additionally, the 

atmosphere is varying with the ALD pulses. 
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