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Supplementary Note 1: Rietveld Analysis 
 

Figure S 1. Rietveld Analysis of the Cold-Pressed Cu2.125Zn0.875SnS4. Blue line corresponds to experimental data obtained from AgKα 
radiation, red line represents the profile modelling, and gray the residuals. The blue markers correspond to the crystallographic Miller 
indices.
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Figure S 2. Rietveld Analysis of the Cold-Pressed Cu2.125Zn0.875SnS3Se1. Blue line corresponds to experimental data obtained from 
AgKα radiation, red line represents the profile modelling, and gray the residuals. The blue markers correspond to the 
crystallographic Miller indices.

Figure S 3. Rietveld Analysis of the Cold-Pressed Cu2.125Zn0.875SnS2Se2. Blue line corresponds to experimental data obtained from AgKα 
radiation, red line represents the profile modelling, and gray the residuals. The blue markers correspond to the crystallographic Miller 
indices.

Figure S 4. Rietveld Analysis of the Cold-Pressed Cu2.125Zn0.875SnS1Se3. Blue line corresponds to experimental data obtained from AgKα 
radiation, red line represents the profile modelling, and gray the residuals. The blue markers correspond to the crystallographic Miller 
indices.

Figure S 5. Rietveld Analysis of the Cold-Pressed Cu2.125Zn0.875SnSe4. Blue line corresponds to experimental data obtained from AgKα 
radiation, red line represents the profile modelling, and gray the residuals. The blue markers correspond to the crystallographic 
Miller indices.



Figure S 6. Rietveld Analysis of the SPS Cu2.125Zn0.875SnS4. Blue line corresponds to experimental data obtained from AgKα radiation, 
red line represents the profile modelling, and gray the residuals. The vertical line corresponds to C electrode employed for the SPS 
contact. 

Figure S 7. Rietveld Analysis of the SPS Cu2.125Zn0.875SnSe4. Blue line corresponds to experimental data obtained from AgKα radiation, 
red line represents the profile modelling, and gray the residuals. The vertical line corresponds to C electrode employed for the SPS 
contact. 

Supplementary Note 2: Raman analysis of the cold-pressed 
samples
The CuZn substitutions can be better observed via Raman analysis that are given in Figure S 8. For CZTSe, the 
increase on this type of substitution leads to the increase in the peak around 190 cm-1 [1]. In addition, the 
deviation from stoichiometry shifts the main 194 cm-1 to higher values, in this case 197 cm-1, due to the excess 
of Cu [2] (vide Figure S 8(a)). For CZTS,  the main A modes are identifyed at 337 cm-1 and 287 cm-1 [3] as 
shown in Figure S 8(b). The other peaks are indexed as longitudinal optical modes (LO) of the polar B and E 
components [4]. In addition, the increased anion disorder for broadens the Raman peaks as 𝑥 = 1, 2, 3 

showcased in Figure S 8(c). Extracting the Vegard relations for the Se and S bonds from the Raman spectra, 
the relation are shown in Figure S 8. In this case, the point of x = 3 was not used since it deviates from the 
correct stoichiometry (vide EDX results in Table S 1). A similar relation is found compared to the literature for 
the Se bonds, but significantly deviate for the S bonds (see Figure S 8(d)) [3]. The deviation from linearity is 
also observed in recent reports and was credited to small fluctuation of the stoichiometry in this proportion 
region. 



 

Figure S 8. Raman spectra of the (a) Cu2.125Zn0.875SnSe4 and (b) Cu2.125Zn0.875SnS4 samples fabricated by cold-pressing and sintered at 
883 K. Dots represent the experimental data, green line the Raman peaks, and the red line the summed contribution of each peak. (c) 
Raman spectra of the entire Cu2.125Zn0.875SnSxSe4-x series. (d) Vegard relations for the Se (black) and S (red) -cation bonds.

Supplementary Note 3: mode Gruneisen parameter

Figure S 9. Gruneisen parameter vs frequency plots for CZTS and CZTSe obtained via DFPT.



Supplementary Note 4: Electron microscopy analysis

Figure S 10. SEM analysis for the cold -pressed samples.

Figure S 11. SEM and chemical maps for the SPS CZTSSe samples.



Table S 1. EDS analysis of the Cu2.125Zn0.875SnSxSe4-x  fold cold pressed and SPS samples. The ideal proportion of Cu/Zn = 2.43. 
Measurement performed at the centre of the cross-section of the cold-pressed disk. Φ corresponds to the pore fraction.

x Φ Cu % Zn % Sn % S % Se % Cu/Zn S/(S+Se) Anion/Cation
Ratio

Cold pressed samples

0 22% 26.9(6) 10.6(3) 12.6(6) - 50(1) 2.5 0 0.9979

1 22% 26.9(6) 11.0(3) 12.8(6) 12.1(2) 37(1) 2.44 0.25 0.9708

2 16% 26.6(7) 11.4(3) 13.1(7) 25.9(5) 23.0(8) 2.33 0.53 0.9615

3 35% 29.9(8) 10.0(3) 11.5(7) 38.9(8) 9.6(4) 2.99 0.8 0.9433

4 32% 28.6(10) 13.0(5) 13.0(9) 45(1) - 2.2 1 0.8333

SPS samples

0 3% 26.9(6) 11.0(3) 11.7(6) - 50.5(1) 2.45 0 1.02

4 9% 26.7(10) 10.8(3) 12.0(9) 50.4(1) - 2.46 1 1.02

Supplementary Note 5: microstrain analysis

Figure S 12. Ratio of the lattice parameters c/a and microstrain for (a) cold-pressed and (b) SPS samples.

Supplementary Note 6: crystallite and grain size analysis
The crystallite size distribution is modelled via whole powder pattern approach (WPPM) using the macros 
available for the TOPAS software [5–7].  It utilizes a log-normal distribution of spheres, where the log-normal 
mean and standard deviation are refined. For details follow details here: 
https://topas.webspace.durham.ac.uk/tutorial-wppm/. 

https://topas.webspace.durham.ac.uk/tutorial-wppm/


The average grain size was estimated from SEM micrographs using the line intercept method. A set of straight 
test lines was superimposed on each calibrated micrograph in multiple orientations to minimize directional 
bias. For each line, the number of intersections with grain boundaries was counted, and the true line length 
was measured. The mean lineal interception length was calculated as the ratio between the total test line 
length and the number of grain-boundary interceptions, providing an estimate of the average grain size along 
that direction. The values obtained from several lines were averaged to determine the mean grain size and 
corresponding standard deviation. The ASTM-equivalent grain diameter was then calculated from the mean 
intercept length to allow comparison between samples. This stereological approach provides a statistically 
representative estimate of grain size, particularly suitable for irregular and porous microstructures. Values 
and representation is given in Figure S 13.

Figure S 13. Results obtained with the line intercept method for the SPS and cold-pressed samples. 



Supplementary Note 7: Performance of tetragonal phases

Figure S 14. (a) Resisitivity, (b) Seebeck coefficient, (c) thermal conductivity, and (d) Figure of merit for the Cu2.125Zn0.875SnSxSe4-x series.



Figure S 15. (a) Resisitivity, (b) Seebeck, (c) thermal conductivity, and (d) Figure of merit for the Cu2.125Zn0.875SnSxSe4-x series.



Figure S 16. Power factor obtained for the cold pressed samples.



Figure S 17. Electronic thermal conductivity for the cold-pressed samples.



Supplementary Note 8: DFT analysis

Figure S 18. DFT density of states effective mass.



Figure S 19. DFT density of states.



Figure S 20. Seebeck effective mass of the charge carriers.

Figure S 21. Hall effect measurements of (a) carrier mobility and (b) carrier concentration for the cold-pressed samples. 



Supplementary Note 9: Debye-Callaway model

Debye Callaway equations rule including all the possible scattering mechanisms [1–3] in the form:

𝜅𝑙 =
1
3

𝜔𝑚𝑎𝑥

∫
0

𝐶𝑠(𝜔)𝑣𝑔(𝜔)2𝜏(𝜔)𝑑𝜔 

Where the maximum phonon frequency is given by  

𝜔𝑚𝑎𝑥 = (6𝜋2

𝑉 )1/3𝑣𝑠𝑜𝑢𝑛𝑑

Being  the volume of the unit cell, and  the average speed of sound between longitudinal and 𝑉 𝑣𝑠𝑜𝑢𝑛𝑑

transverse modes. Here the phonon group speed is approximated as the speed of sound, i.e., . 𝑣𝑔(𝜔) = 𝑣𝑠𝑜𝑢𝑛𝑑

At high temperatures, the spectral heat capacity ( ) can be approximated as:𝐶𝑠(𝜔)

𝐶𝑠(𝜔) =
3𝑘𝐵𝜔2

2𝜋2𝑣 3
𝑠𝑜𝑢𝑛𝑑

 

 is the Boltzmann constant. The phonon relaxation time is modelled by a combination of Umklapp ( ), 𝑘𝐵 𝜏𝑈

grain-boundary ( ), and point defects ( ) in the form𝜏𝐺𝐵 𝜏𝑃𝐷

𝜏 ‒ 1 = ∑
𝑖

𝜏 ‒ 1
𝑖

Umklapp scattering models the phonon scattering by the following frequency dependency:

𝜏𝑈(𝜔) =
(6𝜋2)1/3

2

𝑀̅𝑣 3
𝑠𝑜𝑢𝑛𝑑

𝑘𝐵𝑉1/3𝛾2𝜔2𝑇
   

Where  is the average atomic mass and  the Gruneisen parameter. Grain-boundary scattering is governed 𝑀̅ 𝛾

by the following relaxation time:

𝜏𝐺𝐵 =
𝑑

𝑣𝑠𝑜𝑢𝑛𝑑

Where  is the SEM or XRD particle/domain size.𝑑

Point defects are modelled with both mass ( ) and atomic radius ( ) fluctuations residing on site with 𝑚𝑖 𝑟𝑖

average mass and radius  and , respectively:𝑚̅ 𝑟̅

𝜏𝑃𝐷 =
𝑉𝜔4

4𝜋𝑣 3
𝑠𝑜𝑢𝑛𝑑

[∑
𝑖

𝑓𝑖 (1 ‒
𝑚𝑖

𝑚̅ )2 +  ∑
𝑖

𝑓𝑖 (1 ‒
𝑟𝑖

𝑟̅ )2 ]
The fluctuation is modelled by the occupancy fraction . For vacancies, the mass of the point defects is null 𝑓𝑖

and we decided to omit the strain contribution

To understand the temperature dependency for the materials, we model the matrix thermal conductivity (
) for the SPS samples. Since they contain no vacancies defects, only Umklapp and grain-boundary 𝜅𝑚𝑎𝑡𝑟𝑖𝑥

effects are modelled. The results are shown in Figure S 22. To fit well the data, the  was multiplied by a 𝜅𝑙

constant value 



Figure S 22. Fitting of the lattice thermal conductivity using the Debye–Callaway model, considering grain-boundary and Umklapp 
scattering contributions to the relaxation times. Panels (a) and (b) show the fitting results for Cu₂.₁₂₅Zn₀.₈₇₅SnS₄ plotted as a function 
of temperature (T) and its inverse (T⁻¹), respectively. Panels (c) and (d) present the corresponding plots for Cu₂.₁₂₅Zn₀.₈₇₅SnSe₄. Error 
bars were estimated at 10% and define the contour curves surrounding the experimental data (symbols). The model predictions are 
shown as solid lines.
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