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Figure S1. Comparison between predicted (Random Forests regression1) and observed average figure-of-merit zT based the pre-ALMLBO initial data (grey squares), and the initial data extended with data from the 1st, 2nd, 3rd, and 4th ALMLBO cycles (blue, purple, red, and green squares, respectively) with vertical and horizontal error bars representing a standard deviation related to a leave-one-out2 cross-validation, and computed from m=1-2 experimental measurements and the systematic uncertainty of ~17.5% 3, respectively (the dashed lines show a perfect prediction for the purpose of visual guidance only).
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Figure S2. Comparison between predicted (Random Forests regression1) and observed average Seebeck coefficient (𝜇V/K) based the pre-ALMLBO initial data (grey squares), and the initial data extended with data from the 1st, 2nd, 3rd, and 4th ALMLBO cycles (blue, purple, red, and green squares, respectively) with vertical and horizontal error bars representing a standard deviation related to a leave-one-out2 cross-validation, and computed from m=1-2 experimental measurements and the systematic uncertainty of ~6% 3, respectively (the dashed lines show a perfect prediction for the purpose of visual guidance only).
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Figure S3. Comparison between predicted (Random Forests regression1) and observed average resistivity 𝜌 (m𝛺.cm) based the pre-ALMLBO initial data (grey squares), and the initial data extended with data from the 1st, 2nd, 3rd, and 4th ALMLBO cycles (blue, purple, red, and green squares, respectively) with vertical and horizontal error bars representing a standard deviation related to a leave-one-out2 cross-validation, and computed from m=1-2 experimental measurements and the systematic uncertainty of ~8% 3, respectively (the dashed lines show a perfect prediction for the purpose of visual guidance only).
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Figure S4. Comparison between predicted (Random Forests regression1) and observed average thermal conductivity 𝜅tot (W/m.K) based the pre-ALMLBO initial data (grey squares), and the initial data extended with data from the 1st, 2nd, 3rd, and 4th ALMLBO cycles (blue, purple, red, and green squares, respectively) with vertical and horizontal error bars representing a standard deviation related to a leave-one-out2 cross-validation, and computed from m=1-2 experimental measurements and the systematic uncertainty of ~10% 3, respectively (the dashed lines show a perfect prediction for the purpose of visual guidance only).
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Figure S5. Distribution of average features importance 1 for the SPS process parameters 𝜃 regarding the prediction of the Seebeck coefficient, S (𝜇V/K), resistivity, 𝜌 (m𝛺.cm), thermal conductivity, 𝜅tot (W/m.K), and figure-of-merit, zT, based on the pre-ALMLBO initial data (grey squares) extended with data from the 1st, 2nd, 3rd, and 4th ALMLBO cycles (blue, purple, red, and green squares, respectively). Mean values and error bars are provided according to the leave-one-out 2 cross-validation used for Random Forests 2 models training. HR and CR are the heating and cooling rates (K/min), respectively; SinT and Stept are the sintering temperature (K) and step time (min), respectively; UP is the uniaxial pressure (MPa).
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Figure S5-bis. Distribution of average features permutation importance 1 for the SPS process parameters 𝜃 regarding the prediction of the Seebeck coefficient, S (𝜇V/K), resistivity, 𝜌 (m𝛺.cm), thermal conductivity, 𝜅tot (W/m.K), and figure-of-merit, zT, based on the pre-ALMLBO initial data (grey squares) extended with data from the 1st, 2nd, 3rd, and 4th ALMLBO cycles (blue, purple, red, and green squares, respectively). Mean values and error bars are provided according to the leave-one-out 2 cross-validation used for Random Forests 2 models training. HR and CR are the heating and cooling rates (K/min), respectively; SinT and Stept are the sintering temperature (K) and step time (min), respectively; UP is the uniaxial pressure (MPa).
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Figure S6. Partial dependence 4 of the figure-of-merit, zT, on the heating rate (K/min), sintering temperature (K), step time (min), cooling rate (K/min), and uniaxial pressure (MPa) (from top to bottom, left to right) evaluated from the whole dataset, i.e., from the initial data to the 4th ALMLBO cycle included.
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Description automatically generated with medium confidence]Figure S7. Evolution of the measured Seebeck coefficient, S (𝜇V/K), resistivity, 𝜌 (m𝛺.cm), thermal conductivity, 𝜅tot (W/m.K), and figure-of-merit, zT, values of the kesterite Cu2.125Zn0.875SnS4 along the ALMLBO pipeline development. The initial (pre-ALMLBO), 1st, 2nd, 3rd, and 4th cycle data are depicted by grey, blue, purple, red, and green squares, respectively. The three white squares denote a reproducibility study performed with high-purity chemicals a posteriori of the ALMLBO pipeline. Two dashed red lines illustrate the samples with the highest reported zT values in this study, i.e., zT = 0.36, 0.40. Error bars denote the joint statistical and systematic uncertainties on the at ~6, 8, 10, 17.5% 3 for S, 𝜌, 𝜅tot, and zT, respectively.
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Figure S8. Evolution of the SPS process parameters 𝚹, heating rate (K/min), sintering temperature (K), step time (min), cooling rate (K/min), and uniaxial pressure (MPa) (from top to bottom) along the ALMLBO pipeline development. The initial (pre-ALMLBO), 1st, 2nd, 3rd, and 4th cycle data are depicted by grey, blue, purple, red, and green squares, respectively. The three white squares denote a reproducibility study performed with new ball milling jar, SPS device and high-purity chemicals a posteriori of the ALMLBO pipeline. Two dashed red lines illustrate the samples with the highest reported zT values in this study, i.e., zT = 0.36, 0.40.
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Figure S9. Comparison of the simulated X-ray diffraction (XRD) patterns of the kesterite ordered structure () and disordered structure ( with corresponding structural representation
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Figure S10. a) X-ray powder diffraction (XRPD) pattern b) and c) d) Scanning electron microscopy (SEM) images of the CZTS after mechanical alloying by SPEX ball milling
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Figure S11. Scanning electron microscopy (SEM) images of a) sample sintered below T < 773 K and b) T > 773 K of the CZTS-SPSed samples. HR: Heating rate, SinT: Sintering temperature, Stept: Step time, CR: Cooling rate, UP: Uniaxial pressure
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Figure S12. Scanning electron microscopy images with energy dispersive spectroscopy (SEM-EDS) mapping analysis of a) Reference b) MLProcess and c) DProcess of the kesterite sample after SPS
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Description automatically generated] Figure S13. Cycling measurement (RT-725K) dependance in temperature of the Seebeck coefficient S, and electrical resistivity ρ of the MLP+HPC CZTS SPSed samples
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Figure S14. a) Lattice (κlatt) and electrical (κlelec) contribution of the temperature dependent thermal conductivity of the CZTS SPSed samples and b) Heat capacity measurement Cp of the CZTS-Cu2.125Zn0.825SnS4 samples
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Figure S15. Phonon dispersions and atom-projected vibrational density of states (DOS) of CZTS proto structure Cu2ZnSnS4.
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Figure S16. Calculated lattice thermal conductivity of single crystal ordered Cu2ZnSnS4 (solid lines) together with the one with mass difference effect by Tamura’s model 5 considering Cu-Zn disordering (dashed lines).


Table S1. Calculated lattice parameters of Cu2ZnSnS4 using various functionals together with experimental one.
	Method (functional)
	Lattice parameters

	
	a (Å)
	c (Å)

	PBE
	5.381
	10.802

	PBEsol
	5.275
	10.699

	PBE+U
	5.430
	10.849

	PBEsol+U
	5.355
	10.791

	Experimental (Ref)
	5.426
	10.840



Table S2. Structural arrangement of the ordered kesterite ( considered in the Rietveld analysis
	Label
	x
	y
	z
	B
	occ.
	Mult

	Cu1
	0.5000
	1.0000
	0.7500
	-
	0.25
	2

	Cu2
	0.5000
	0.5000
	0.5000
	-
	0.25
	2

	Zn1
	0.0000
	0.5000
	0.7500
	-
	0.25
	2

	Sn1
	0.0000
	1.0000
	0.5000
	-
	0.25
	2

	S1
	0.2558
	0.7418
	0.6288
	-
	1.00
	8

	
	
	
	
	I
	
	

	
	B11
	B22
	B33
	B12
	B13
	B23

	Cu1
	89.6
	89.6
	20.5
	0
	0
	0

	Cu2
	119.8
	119.8
	29.7
	0
	0
	0

	Zn1
	115.9
	115.9
	29.4
	0
	0
	0

	Sn1
	72.2
	72.2
	17.3
	0
	0
	0

	S1
	78.0
	71.5
	19.7
	5.9
	0.9
	3.1
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