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Supplementary methods

To construct the Φ1 and Φ2 feature spaces, we made use of the set of algebraic/functional

operators given in eq. 1.

Ĥ(m) ≡ {+, −, ·, /, log, exp, exp−, −1, 2, 3, √, 3√, |−|}. (1)

The superscript m indicates that when applying Ĥ(m) to primary features φ1 and φ2, a

dimensional analysis is performed, which ensures that only physically meaningful combinations

are retained (e.g., only primary features with the same units are added or subtracted). All primary

features included in this study were obtained from the literature1. The values of the primary

features for the training datasets at each iteration can be found in the file “Supplementary Data”.

The sparsifying ℓ0 constraint is applied to a smaller feature subspace selected by a screening

procedure (sure independence screening (SIS)), where the size of the subspace is equal to a user-

defined SIS value times the dimension of the descriptor. The SIS value is not an ordinary

hyperparameter, and its optimization through a validation dataset is not straightforward. Ideally,

one would want to search the entire feature space for the optimal descriptor. However, this is not

computationally tractable since the computational cost of the sparsifying ℓ0 constraint

exponentially grows with the size of the searched feature space. Instead, the SIS value should be

chosen to be as large as computationally possible. Reasonable SIS values were chosen based on

the convergence of the training error.

High-throughput (HT) screening of the very large compositional space of ternary-based

chalcogenide materials A1−xA*xB1−yB*yC2−zC*z (where A = Cu or Ag; B = Bi, In, Sb, or Ga; C =

Se or Te; A* = Cu, Ag, Zn, or Na; B* = Ga, In, Bi, Sb, Zn, or Sn; and C* = Te or Cl) was

performed. The mixtures of CuInTe2, CuGaTe2, AgInTe2, and AgGaTe2 are stable over a large

temperature range according to the literature2-5. Thus, their mixtures were also included in our

high-throughput screening.



S-3

Table S1 Values of all primary features.

Element HF (eV) HV (eV) EN IE (eV) AW (amu) AR (Å)
Cu 0.14 3.11 1.90 7.73 63.55 1.28
Ag 0.12 2.63 1.93 7.58 107.87 1.44
Ga 0.06 2.65 1.81 6.00 69.72 1.35
In 0.03 2.40 1.78 5.79 114.82 1.67
Bi 0.12 1.86 2.02 7.29 208.98 1.56
Sb 0.21 2.00 2.05 8.64 121.76 1.40
Te 0.18 1.18 2.10 9.01 127.60 1.40
Se 0.07 0.99 2.55 9.75 78.97 1.20
Sn 0.07 3.07 1.96 7.34 118.71 1.40
Cl 0.07 0.21 3.16 12.97 35.45 0.99
Na 0.03 1.01 0.93 5.14 22.99 1.86
Zn 0.08 1.19 1.65 9.39 65.38 1.34

Fig. S1 CV10 error of the SISSO model.
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Table S2 zT values from previous reports on chalcogenide materials from other groups along

with the SISSO-predicted values.

system temperature (K) SISSO-predicted previously reported
CuGaTe2 950 1.48 1.406
Cu0.7Ag0.3In0.6Ga0.4Te2 873 1.30 1.642
AgSb0.98Bi0.02Se2 680 0.66 1.157
AgSbTe2 533 0.81 1.558
AgBiSe2 700 0.46 1.509
AgSb0.96Zn0.04Te2 585 1.16 1.9010
AgSbTe1.98Se0.02 565 0.83 1.3711
AgSbTe1.85Se0.15 575 0.84 2.1012
AgSb0.93In0.07Te2 650 0.88 1.3513

Fig. S2 (a) Distribution of zT prediction errors for the best SISSO model. (b) and (c) Box plots

of the error distribution as a function of temperature range and zT range, respectively. The upper

and lower limits of the rectangles show the 75th and 25th percentiles of the distributions, the

internal horizontal lines mark the median (50th percentile), and the upper and lower limits of the

error bars indicate the 99th and 1st percentiles of the distributions. The crosses represent the

maximum errors.
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Fig. S3 (a) Powder XRD patterns for Cu1−xAgxGaTe2 (x=0.4-0.6) at room temperature, where the

pattern of the sample with x=0 is provided for comparison. The XRD peaks show a shifting trend

with increasing x. (b) High-temperature XRD patterns for Cu0.45Ag0.55GaTe2.

Endo Endo
(a) (b)

Fig. S4 DSC signal as a function of temperature for the bulk material Cu0.45Ag0.55GaTe2: (a)

Before measurement, and (b) After measurement.
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Fig. S5 Thermal diffusivity as a function of temperature for Cu1−xAgxGaTe2 (x=0.4-0.6): (a)

x=0.4; (b) x=0.5; (c) x=0.525; (d) x=0.55 (Cu0.45Ag0.55GaTe2 was checked by the State Key

Laboratory of Advanced Technology for Materials Synthesis and Processing at Wuhan

University of Technology (SKL WUT)); and (e) x=0.6. (the data shown as solid lines were

reproduced by the Center for Materials Research and Analysis at Wuhan University of

Technology (CMRA WUT), see the Supplementary Appendix).

Fig. S6 Measured heat capacities (Cp) as a function of temperature for Cu1-xAgxGaTe2 (x=0.4-

0.6).
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Fig. S7 Physical parameters of the bulk Cu1-xAgxGaTe2 (x=0.4-0.6) as a function of temperature:

(a) Seebeck coefficients (α); (b) Electrical conductivities (σ); (c) PFs; (d) Total thermal

conductivities (κ) obtained using the Cp estimated form Dulong-Petit model; (e) Lattice thermal

conductivities (κL); and (f) Figure of merit (zT) calculated using κ shown in panel d. The wine

line in panel f is the reproduced data from CMRAWUT for comparison.



S-8

Fig. S8 Repeated measurements of TE properties as a function of temperature for

Cu0.45Ag0.55GaTe2. (a) Seebeck coefficients (α); (b) Electrical conductivities (σ); (c) PFs; (d)

Total thermal conductivities (κ); (e) Lattice thermal conductivities (κL); and (f) Figure of merit

(zT). The solid lines in Supplementary Fig. 8d-f represent the data obtained using the measured

Cp, while the dotted lines represent the data obtained using the Dulong-Petit approximated Cp.

The blue lines in panels d-f represent the reproduced data from CMRAWUT.
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Fig. S9 Repeated measurements of TE properties as a function of temperature for

Cu0.475Ag0.525GaTe2. (a) Seebeck coefficients (α); (b) Electrical conductivities (σ); (c) PFs; (d)

Total thermal conductivities (κ); (e) Lattice thermal conductivities (κL); and (f) Figure of merit

(zT). The values were obtained using the measured Cp.
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Fig. S10 TE properties as a function of temperature for Cu0.475Ag0.525GaTe2 under two heating-

cooling cycling measurements. (a) Seebeck coefficients (α); (b) Electrical conductivities (σ); (c)

PFs; (d) Total thermal conductivities (κ); (e) Lattice thermal conductivities (κL); and (f) Figure of

merit (zT). The total (κ) and lattice (κL) thermal conductivities were obtained using the measured

Cp; see the Methods section in the main text. The cycling measurements were carried out by SKL

WUT.
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Supplementary appendix

Test report for the thermal diffusivity from the Center for Materials Research and Analysis at

Wuhan University of Technology.
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