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Supplementary methods

To construct the ®; and @, feature spaces, we made use of the set of algebraic/functional
operators given in eq. 1.

A™ = (+ — -,/ log, exp, exp—, 1,23, , 3, |-[}. (1)

The superscript m indicates that when applying H™ to primary features @i and ¢z, 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 literature'. The values of the primary
features for the training datasets at each iteration can be found in the file “Supplementary Data”.

The sparsifying {o 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 {o 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*Bi-yB*,C,—,C*, (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 CulnTe,, CuGaTe,, AgInTe,, and AgGaTe, are stable over a large
temperature range according to the literature’>. Thus, their mixtures were also included in our

high-throughput screening.



Table S1 Values of all primary features.

Element HF (eV) HV (eV) EN IE (eV) AW (amu) AR (A)
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
7/n 0.08 1.19 1.65 9.39 65.38 1.34
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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
CuGaTe: 950 1.48 1.406
Cu0,7Ago,3In0,6Gao,4T€2 873 1.30 1.64°
AgSbo.osBio.02Sex 680 0.66 1.157
AgSbTe; 533 0.81 1.558
AgBiSe; 700 0.46 1.50°
AgSbo.osZno.osTer 585 1.16 1.901°
AgSbTe.985€0.02 565 0.83 1.37'
AgSbTe 5Seo 15 575 0.84 2.10"2
Ang0,93Ino_07T62 650 0.88 1.358
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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 Cu;-rAg.GaTe, (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 Cuo4sAgo.ssGaTes.
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Fig. S4 DSC signal as a function of temperature for the bulk material CuossAgossGaTes: (a)

Before measurement, and (b) After measurement.
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Fig. S5 Thermal diffusivity as a function of temperature for Cui-Ag.GaTe> (x=0.4-0.6): (a)
x=0.4; (b) x=0.5; (c) x=0.525; (d) x=0.55 (Cuo.4sAgossGaTe, 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).

09} Dulong-Petit C,  Measured CP
CuGaTe, o x=04
A x=0.525
0.6

o x=0.55

C (J/gK)

=% y LI

|8 198§

19

03} B0 8 g 9 R 9
T oéﬁg

0.0 1 N 1 N 1 2 1 N 1 N 1
300 400 500 600 700 800
Temperature (K)

Fig. S6 Measured heat capacities (Cp) as a function of temperature for Cui.cAg.GaTe, (x=0.4-
0.6).
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Fig. S7 Physical parameters of the bulk Cui.xAg.GaTe; (x=0.4-0.6) as a function of temperature:
(a) Seebeck coefficients (a); (b) Electrical conductivities (¢); (c¢) PFs; (d) Total thermal

conductivities (x) obtained using the C, estimated form Dulong-Petit model; (¢) Lattice thermal

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

line in panel f'is the reproduced data from CMRA WUT for comparison.
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Fig. S8 Repeated measurements of TE properties as a function of temperature for

Cuo4sAgossGaTez. (a) Seebeck coefficients (a); (b) Electrical conductivities (o); (c) PFs; (d)

Total thermal conductivities (x); (e) Lattice thermal conductivities (xr); 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 CMRA WUT.
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Fig. S9 Repeated measurements of TE properties as a function of temperature for

Cuo475A80525GaTes. (a) Seebeck coefficients (a); (b) Electrical conductivities (o); (¢) PFs; (d)

Total thermal conductivities (x); (e) Lattice thermal conductivities (xr); and (f) Figure of merit

(zT). The values were obtained using the measured Cy.
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Fig. S10 TE properties as a function of temperature for Cuo.475Agos25GaTez under two heating-
cooling cycling measurements. (a) Seebeck coefficients (a); (b) Electrical conductivities (o); (c)
PFs; (d) Total thermal conductivities (x); (e) Lattice thermal conductivities (xr); and (f) Figure of
merit (zT). The total (k) and lattice (xr) 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.



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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No. 20210008

Center for Materials Research and Analysis in Wuhan University of Technology.

TEST REPORT

Sample Name: Cu(Ag)GaTe;

Client: Ningbo University of Technology

Address: No. 201, Fenghua Road, Jiangbei District, Ningbo, Zhejiang.

Inspection Agency: Center for Materials Research and Analysis in

Wuhan University of Technology

Address: 122 Luoshi Road, Wuhan,Hubei, PR.China Telephone: 027-87651843
Postcode: 430070 Fax: 027-87878641

Website address: http://cmra. whut.edu.cn/ Email: junyli@whut.edu.cn



TEST DATA

No. 20210008 Page 1 of 1
Sample No. 202100081701-05 ‘ Test Type Sample delivery
Name Cu(Ag)GaTe;

Sample Black | Receiving | January 5, 2021 | Testing | January 67, 2021
Status solid Date Date
Test Item Thermal diffusivity
Reference B/T 22588-2008  Laser Flash Method to measure thermal diffusivity
Standards or thermal conductivity
Instrument | LFA457 ‘ Instrument No. | 16047805
Test Room temperature (RT): 22 'C, Humidity: 32%RH,
Temperature range: RT~580 C, Laser voltage: 1538V,
Conditions
Atmosphere: Ar, Gas flow: 80 mL/min.
Test Results
Test Hem -Thﬂ mal Diffusivity (ml_n /8) _ _
Sample No. RT | 150°C | 300C | 400C | 500T | 550TC | 580TC
202100081701
0.80 | 0.61 | 049 | 0.26 | 023 | 0.22 | 0.20
(CuGaTer)os(AgGaTea)os
202100081702
068 | 033 | 042 | 021 | 0.18 | 0.17 | 0.16
(CuGaTex)os(AgGaTez)os
202100081703
’ 072 | 055 | 043 | 041 | 028 | 0.22 | 0.20
(CuGaTen)o475(AgGaTer)o 525
202100081704
0.65 | 050 | 035 | 016 | 0.14 | 0.12 | 0.12
(CuGaTcz)o_45(AgGaTeg)o_55
202100081705
0.66 | 0.50 | 039 | 022 | 0.19 | 0.17 | 0.16
(CuGaTez)oa(AgGaTez)os

Opeator: RongHui Zhuo Verifier: XinYa Yang Approver:; YanYuan Q1

January 11, 2021

Statement: The experimental data and results only provide reference data for the incoming
samples, and are not used as a certification or notarization by a third-party testing agency. The

center does not assume any related legal responsibilities resulting from this.
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