[bookmark: _Hlk72756102]Supporting information for
Roles of Anion Sites in High-performance GeTe Thermoelectrics
Meng Li1, Sheng-Duo Xu1, Min Hong2, Wan-Yu Lyu2, Yuan Wang1, Matthew Dargusch1, Jin Zou1,3, Hui-Ming Cheng4,5 and Zhi-Gang Chen1,6,*
1School of Mechanical and Mining Engineering, The University of Queensland; Brisbane, Queensland 4072, Australia.
2Centre for Future Materials, University of Southern Queensland; Springfield Central, Queensland 4300, Australia.
3Centre for Microscopy and Microanalysis, The University of Queensland; Brisbane, Queensland 4072, Australia.
4Shenyang National Laboratory for Materials Science, Institute of Metal Research, Chinese Academy of Sciences; Shenyang, 110016, P.R. China.
5Shenzhen Institute of Advanced Technology, Chinese Academy of Sciences; Shenzhen, 518055, P.R. China.
6School of Chemistry and Physics, Queensland University of Technology; Brisbane, Queensland 4072, Australia.
*Corresponding author. Email: zhigang.chen@qut.edu.au

Materials and Methods
Synthesis and characterization
Polycrystalline samples were synthesized by a modified flux-assist process. First, high-purity Ge, Te, Bi, Sb (5N, Sigma-Aldrich), BiI3 (3N, Sigma-Aldrich), TeI4 (99.8%, Novachem), and TeBr4 (97%, Novachem) were weighed out based on the stoichiometry of co-doped Ge1-xBixTe1-yIy and mono-doped Ge1-xSbxTe, Ge1-xBixTe, GeTe1-yBry, and GeTe1-yIy (x=y=0.02~0.08), which were then mixed with quintuple weight of 50% NaCl + 50% KCl molten salt (4N, ProSciTech) and sealed in evacuated silica tubes. Second, the quartz tubes were heated up to 700 °C for 1440 min and quenched in ice water, then annealed at 600 °C for 4320 min in a muffle furnace (HT-1700, Carbolite Gero). Third, the obtained ingots were pulverized into fine powder by high-energy ball milling (8000D Mixer/Mill®, AXT), then purified using centrifuging and dried in baking oven. Last, the collected powders were consolidated using a spark plasma sintering (SPS-211Lx, Fuji Electronic) at 500 °C under Argon atmosphere, applied with a uniaxial pressure of 55 MPa.
The phase purity of the synthesized samples was identified by X-ray diffraction (XRD, D8 Advance MKII, Bruker) equipped with monochromatized Cu Kα radiation (λ=1.5418 Å). XRD Rietveld refinement was conducted using GSAS-II software 1. The microstructures were characterized by a field-emission scanning electron microscope (SEM, JSM-7001F, JEOL) using secondary electron (SE), backscattered electron (BSE) and energy-dispersive X-ray spectroscopy (EDS) techniques. The lattice structures were investigated by an aberration-corrected transmission electron microscope (TEM, HF-5000, Hitachi), assisted with Wiener filter, average background subtraction filter, and geometric phase analysis 2,3. The lamella specimens were prepared using focus ion beam (FIB) lift out technique (FEI Scios Dualbeam system, Thermo Scientific). The overall grain morphology and twin structures were characterized by electron backscattered diffraction (EBSD) coupled in the FIB system. 

Thermoelectric and transport measurement
    Temperature-dependent Seebeck coefficient (S) and electrical conductivity (σ) were measured by four-probe method (ZEM-3, ULVAC-RIKO). The thermal conductivity (κ) is calculated by:


where D is thermal diffusivity measured by a laser flash method (LFA 467, NETZSCH), Cp is specific heat capacity measured by a differential scanning calorimeter (DSC 404 F3, NETZSCH) and fitted with Dulong-Petit’s law, ρ is density measured by Archimedes’ method. 
Hall transport properties relative to increasing temperature were measured by Van der Pauw method (homemade instrument) with a sweeping magnetic field of up to ±1.5 T. Hall carrier concentration (nH) and Hall mobility (µH) are calculated based on:




where RH and e are Hall coefficient and electron charge, respectively.

DFT calculation
Density-functional-theory (DFT) calculations were performed using projector-augmented wave (PAW) method as implemented in the Vienna Ab initio Simulation Package (VASP) 4-9. Fully relativistic Perdew-Burke-Ernzerhof generalized gradient approximation functional (GGA-PBE) was adopted to treat exchange correlation interaction 10. The 3×3×3 and 2×2×2 supercells were built for electron and force calculations, then sampled by a 9×9×9 and a 15×15×15 Monkhorst-Pack k-mesh, respectively 11. All supercells were fully relaxed with plane wave cut-off energy of 500 eV, and convergence criterion of 1×10-7 eV per electron and 1×10-3 eV·Å-1 per atom. The dispersion relations were calculated along a line-mode k-path based on Brillouin path features of AFLOW framework 11. The electron band structures were calculated considering spin-orbital-coupling (SOC) effect. The phonon band structures were calculated without considering the SOC effect, by solving the harmonic force constant near Γ point using Phonopy package 12. 

Device fabrication and FEA simulation
Finite element analysis (FEA) simulations were performed on COMSOL Multiphysics software. An 8-couple thermoelectric generator was modelled and meshed, which were consisted of Al2O3 substrates, Ag electrodes, Ni or Ti buffer layers, and p-type and n-type thermoelectric legs 13. The temperature-dependent S, σ and κ of constituent materials, and interfacial contact resistance were input to the system 14-16. The thermal boundary condition was set as cold side at constant 300 K, while the hot side varying with increasing temperature, which generates an output power (P) by:


where V and I are voltage and current, respectively. The heat dissipation (Qout) from cold side was estimated for calculating the heat-to-electricity efficiency (ϕ), namely:




where q and A are heat flux density and cross-section of thermoelectric legs, respectively.
We assembled an 8-couple thermoelectric generator to examine the simulation results. To make a p-type leg, first, the Ni-Ge0.92Bi0.08Te0.92I0.08-Ni powders were isostatically pressed; second, the pressed bulks were sintered using SPS under 450 °C and 30 MPa; third, the sintered pellets were cut into 4×4×6 mm rectangular bars. Likewise, the Ti-Yb0.075CoSb3-Ti powders were made into n-type legs 17. The alternative p-type and n-type legs were soldered on Ag plates at both hot and cold sides with tin-based solder, then compacted by two Al2O3 substrates. Glass fibers were used to further fill the gaps between the legs to prohibit thermal radiation.
To test the thermal stability between thermoelectric materials and buffer layers, both Ni-GeTe and Ti-CoSb3 contact structures were sealed in evacuated quartz tubes and soaked at 700 K for up to 4 days. After that, EDS mapping and line scanning were used to determine the inter-diffusion and resistance through the interfaces. The performance of as-assembled thermoelectric generator was measured by a home-made testing system under Argon atmosphere, where the cold side was connected to a metal fin frame, and the hot side is controlled by a temperature sensor with varying temperature from 500 to 800 K. 
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Note S1. Point group operation
The crystalized-to-amorphous phase transition of GeTe, with space group from Fmm to R3m, leads to a loss of several point symmetry operations but the retention of all translation operations. Hence, R3m is a translationengleiche subgroup of Fmm, with a maximal subgroup chain as 18:


The coset decomposition from Fmm to R3m can be written as:


where the eight cosets correspond to eight orientation domain variants from R3m to Fmm. It is apparent that there are two types of interfaces between different domain variants: twin boundaries (m <100> and <110>) and inversion domain boundaries ().

Note S2. Hypothetical bonding mechanism in β-GeTe
One can easily differentiate rocksalt M tellurides (M=Ge, Sn, and Pb) from ionic NaCl based on their different bonding characteristics, for instance, β-GeTe has 10 valence electrons violating with the Pauling 8-N rule. Inspired from by the organic chemistry of benzene, this is first attributed to resonant bonding, where the given structure is a superposition of some limiting cases 19,20. Considering the fact that β-GeTe shows several distinct density-based descriptors, rather than a mixture of the metallic and covalent cases, the concept of resonance was later revised and called metavalence 21. 
To depict the conceived bonding mechanism using orbital language, the hyperbonding concept is adopted, as formed by the non-bonding lone pairs interacting with an antibonding state 22. The universal existence of short-range 3-center 4-electron (3c-4e) hyperbonding is described in β-GeTe as promoted by Te_5p lone pairs, where the s and p orbitals are hybridized up to 6 bonds and lone pairs, exceeding an ordinary Lewis maximum of 4 23,24. Recently, the underlying long-range interactions caused by electronic polarization along [100] directions are revealed based on force-constant projection analysis, which extends the 3c-4e hyperbonding into a multicenter case 25. 

Note S3. Carrier concentration estimation
The formation energy of Ge vacancies (VGe) with charge state q can be estimated based on:


where Etot and Edef are total energy with and without Ge vacancies, μGe is the chemical potential of Ge (cubic phase), ɛF is Fermi level from valence band maximum EV, and ∆V is the electrostatic potential difference between stoichiometric and Ge-deficient GeTe. The carrier concentration can be calculated based on charge neutrality, namely:


where gq is degeneracy factor of charged vacancies, c is vacancy concentration, ne and nh are the concentration of electrons and holes, respectively 26. Then the nh can be estimated by:


where m* is effective of valence band maximum, and h is Planck constant.

Note S4. Flux-assist synthesis method
    According to the binary phase diagram of GeTe 27, traditional melting synthesis inevitably produces a material whose composition is far from the stoichiometric ratio, i.e., a Ge-rich phase with inferior properties 28. To make it worse, anion dopants (e.g., halide GeI2 and BiI3) usually have a high saturation pressure, which causes safety issues if melted 29,30. We therefore modified this melting synthesis to be carried out in a flux environment, where we used BiI3, TeI4, and TeBr4 as the dopants and 50% NaCl+50% KCl molten salt as the flux medium. The synthesis temperature was set below the melting point of GeTe, which takes the advantage of the high fluidity and polarization of the molten salt to give complete nucleation. The avoidance of the liquid phase throughout the synthesis can evidently improve the sample quality 31.

Note S5. Estimation of measurement uncertainties
    Propagation law was used to estimate the measurement uncertainties. The uncertainties of directly measured parameters were calculated based on deviation from reproducibility test, namely S, σ, D, and T. The uncertainties of indirectly measured parameters are calculated based on 32-34:







Note S6. Electrical transport modelling
For a non-parabolic band (single Kane band, SKB), the energy dispersion can be written as:


where Eg is band gap, ℏ is reduced Planck constant, and mb* is band effective mass. According to definition, the electrical properties based on single band Kane model can be expressed as:










    In above equations, nH, A, μH, S, and L refer to Hall carrier density, Hall factor, Hall mobility, Seebeck coefficient, and Lorentz number, respectively. Other nomenclatures are that RH is Hall coefficient, e is elctron charge, Nv is degenerate number, kB is Boltzmann constant, K is the ratio of longitudinal to transverse effective mass, Cl is combined elastic moduli, mi* is inertial effective mass, Edef is deformation potential, and η is reduced Fermi potential 35. The generalized Fermi function is defined as:


where α is the reciprocal reduced band separation, and f is Fermi distribution.
    Due to potential convergence of the valence electron pockets at L and Σ points, and the bipolar conduction due to (Bi, I) co-doping, which may be further promoted with increasing temperature and thus the value of kBT, the three band Kane model, denoted as VBL+VBΣ+CB, was used for the description of electrical transport characteristics, which can be expressed as:





Note S7. Thermal transport modelling
    The thermal transport characteristic (lattice thermal conductivity, κl) can be rationalized based on phenomenological Debye-Callaway model, where κl of an isotropic solid matter is expressed as 36:


where ћ is reduced Plank constant, z is reduced phonon frequency (ω), τ(z) is phonon relaxation time; v and θD are average phonon-group velocity and Debye temperature 37:




where vl and vs are longitudinal and shear phonon velocities, V is volume of unit-cell, N is atom number per unit-cell. The integral spectral thermal conductivity (κs) is 38:


where τtot is total phonon relaxation time. For a certain ω, τtot can be regarded as combination of all participant phonon scattering processes (Matthiessen’s rule), namely 39:


where τi is the ith scattering from intrinsic (τintrinsic) or extrinsic process (τextrinsic). For simplicity, six phonon scattering processes are considered in this work, namely Umklapp process (τU), normal process (τN), grain boundary scattering (τB), point defect scattering (τPD), and nano precipitate scattering (τNP). Their respective relaxation times are 40-45:










where γ is Grüneisen parameter,  is average atomic mass, β is temperature-dependent ratio of normal phonon scattering to Umklapp scattering, d is grain size,  is average atomic volume, R is average radius of precipitates, D and ∆D are matrix density and density difference, NNP is precipitate concentration. The ΓM and ΓS are disorder scattering parameters originating from the mass difference and strain fluctuation, which can be experimentally acquired by 42:




with the ratio being κl with and without disorder, u is disorder scaling parameter.
    In this work, vl, vs and γ are extracted from calculated lattice dynamic properties; N, V, , , D and ∆D are calculated based on refined lattice parameters; NNP are determined according to electron microscopic characterization; β, ΓM and ΓS are estimated by fitting experimental results.
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Fig. S1.
Hypothetic bonding mechanisms in β-GeTe, namely from left to right, resonant bonding, metavalent bonding, 3-center 4-electron (3c-4e) hyperbonding, and multicenter hyperbonding.
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Fig. S2.
XRD and Rietveld refinement. (a) composition-dependent XRD patterns at room temperature; (b-f) refinement of Ge1-xBixTe1-yIy (x=y=0, 0.02, 0.04, 0.06, 0.08), respectively.
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Fig. S3.
SEM-SE and BSE images of fracture cross-section. (a) pure GeTe; (b) 8% (Bi, I) co-doped GeTe; (c) 10% (Bi, I) co-doped GeTe.

[image: ]
Fig. S4.
SEM-SE and BSE images of polished surface. (a) pure GeTe; (b) 8% (Bi, I) co-doped GeTe; (c) 10% (Bi, I) co-doped GeTe.
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Fig. S5.
EDS elemental mapping. (a) elemental Ge, Te, Bi and I in 8% (Bi, I) co-doped GeTe; (b) elemental Ge and Te of 10% (Bi, I) co-doped GeTe.
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Fig. S6.
EBSD results of 8% (Bi, I) co-doped GeTe. (a) band contrast; (b) phase contrast; (c-e) IPF coloring mapping in different observation direction, respectively; (f) Kernel-Average-Misorientation mapping.
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Fig. S7.
TEM images of 8% (Bi, I) co-doped GeTe. (a) SEM-SE image of polished surface for preparing TEM specimen using FIB; (b) dark-field TEM image of as-prepared specimen; (c) low-magnification bright-field TEM image showing a typical herringbone structure, with the inset showing its correspondent crystal orientation; (d) high-magnification bright-field TEM image, with the inset showing its correspondent Fast Fourier Transform pattern for geometric phase analysis; (e-f) strain mapping along xx and yy directions, respectively.
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Fig. S8.
Schematic energy level diagram for the generalized interaction between cation M and anion X orbitals, which can be represented by the hypotenuse of a right-angled triangle.
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Fig. S9.
Electron dispersion of pure GeTe and cation-site doped GeTe. (a) Ge27Te27; (b) Ge26Te27; (c) Ge26Sb1Te27; (d) Ge25Sb2Te27; (e) Ge26Bi1Te27; (f) Ge25Bi2Te27.

[image: Chart

Description automatically generated]
Fig. S10.
Electron dispersion of anion-site doped GeTe. (a) Ge27Te26Cl1; (b) Ge27Te25Cl2; (c) Ge27Te26Br1; (d) Ge27Te25Br2; (e) Ge27Te26I1; (f) Ge27Te25I2.
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Fig. S11.
Electron dispersion of pure and (Bi, I) co-doped GeTe, with their low-temperature rhombohedral phase (R-) also included for comparison. (a) C-Ge27Te27; (b) R-Ge27Te27; (c) C-Ge26Bi1Te26I1; (d) R-Ge26Bi1Te26I1; (e) C-Ge25Bi2Te25I2; (f) R-Ge25Bi2Te25I2.

[image: ]
Fig. S12.
Phonon dispersion of stoichiometric and Ge-deficient pure and cation- and/or anion-site doped α-GeTe. (a) Ge8Te8; (b) Ge8-xTe8; (c) Ge7Bi1Te8; (d) Ge8Te7Br1; (e) Ge8Te7I1; (f) Ge7Bi1Te7I1. 
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Fig. S13.
Thermoelectric properties of Sb doped GeTe. (a-e) temperature-dependent electrical conductivity (σ), Seebeck coefficient (S), power factor (S2σ), thermal conductivity (κ), and figure-of-merit (zT), respectively.
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Fig. S14.
Thermoelectric properties of Bi doped GeTe. (a-e) temperature-dependent electrical conductivity (σ), Seebeck coefficient (S), power factor (S2σ), thermal conductivity (κ), and figure-of-merit (zT), respectively.
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Fig. S15.
Thermoelectric properties of Br doped GeTe. (a-e) temperature-dependent electrical conductivity (σ), Seebeck coefficient (S), power factor (S2σ), thermal conductivity (κ), and figure-of-merit (zT), respectively.
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Fig. S16.
Thermoelectric properties of I doped GeTe. (a-e) temperature-dependent electrical conductivity (σ), Seebeck coefficient (S), power factor (S2σ), thermal conductivity (κ), and figure-of-merit (zT), respectively.
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Fig. S17.
Thermoelectric properties of (Bi, I) co-doped GeTe. (a-f) temperature-dependent electrical conductivity (σ), Seebeck coefficient (S), power factor (S2σ), specific heat capacity (Cp), thermal conductivity (κ), and figure-of-merit (zT), respectively.
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Fig. S18.
Reproducibility test of three independently fabricated 8% (Bi, I) co-doped GeTe (named as i-jth, i = j = 1, 2, 3). An arguably anisotropic sample, which is obtained by directly cutting the molten-quenched-annealed ingot sample is also included for comparison. (a-c) temperature-dependent electrical conductivity (σ), Seebeck coefficient (S), and thermal diffusivity (D), respectively; (d-e) plot of experimental temperature versus programmed temperature during the ZEM-3 (TZEM-3) and the LFA-457 (TLFA-457) measurements, respectively; (e) temperature-dependent figure-of-merit (zT).
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Fig. S19.
Temperature-dependent carrier concentration (n). 
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Fig. S20.
Jonker’s plot of Seebeck coefficient (S) versus logarithmic electrical conductivity (σ). 
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Fig. S21.
Pisarenko’s plot of Seebeck coefficient (S) versus carrier concentration (n) at 300 and 700 K. 
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Fig. S22.
Thermal stability and interfacial resistance of Ni-GeTe contact structures. (a-c) SEM-BSE image and EDS elemental mapping of the contact structure aged for 0, 2, and 4 days, respectively; (d) line scanning of resistivity (R) across the interface between Ni buffer layer and GeTe thermoelectric material. 

[image: ]
Fig. S23.
Thermal stability and interfacial resistance of Ti-CoSb3 contact structures. (a-c) SEM-BSE image and EDS elemental mapping of the contact structure aged for 0, 2, and 4 days, respectively; (d) line scanning of resistivity (R) across the interface between Ti buffer layer and CoSb3 thermoelectric material. 
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Fig. S24.
FEA simulation of an 8-couple thermoelectric generator with its cold side at 300 K constantly. (a-c) mapping of temperature profile when hot side temperature is 500, 600, and 700 K, respectively; (d-f) mapping of voltage profile when hot side temperature is 500, 600, and 700 K, respectively.
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Fig. S25.
Thermoelectric performance of the assembled 8-couple thermoelectric generator. (a-c) open-circuit voltage (V), output power (P), and conversion efficiency (η) as a function of current (I), respectively.

Table S1.
Detailed references for Fig. 1A in manuscript.
	No.
	Material
	Cation
	Anion 
	Reference

	1
	PbTe
	Na
	
	Energy Environ. Sci. 2011, 4, 2085-2089

	2
	PbTe
	Na, Ca
	
	Energy Environ. Sci. 2011, 4, 4675

	3
	PbTe
	Na, Cd
	
	Energy Environ. Sci. 2013, 6, 1529-1537

	4
	PbTe
	Na, Sr
	
	Nat. Commun. 2016, 7, 1, 1-9

	5
	PbTe
	Eu, Cd
	
	Adv. Sci. 2020, 7, 1902628

	6
	PbTe
	Cu
	
	Energy Environ. Sci. 2019, 12, 3089

	7
	PbTe
	Ga
	
	ACS Appl. Mater. Interfaces 2018, 22401-22407

	8
	PbTe
	Sb
	
	Appl. Phys. A, 2019, 125, 4, 1-6.

	9
	PbTe
	Mn
	
	Energy Environ. Sci. 2018, 11, 2486--2495

	10
	PbTe
	Sb, Ge
	
	Adv. Funct. Mater. 2018, 28, 1801617

	11
	PbTe
	Na
	S
	Nat. Commun. 2014, 5, 1, 1-9

	12
	PbTe
	Na
	Cl
	J. Mater. Chem. C 2015, 3, 9559-9564

	13
	PbTe
	In
	I
	J. Appl. Phys. 2016, 120, 175101

	14
	PbTe
	
	Br
	J. Solid State Chem. 2009, 182, 2602-2607

	15
	PbTe
	
	I
	Energy Environ. Sci. 2011, 4, 2090

	16
	PbTe
	Mg
	I
	J. Mater. Chem. C, 2015, 3, 10401

	17
	PbTe
	La
	I
	Adv. Energy Mater. 2014, 4, 1400486

	18
	PbTe
	Sb
	S
	Adv. Energy Mater. 2017, 7, 1700099

	19
	PbTe
	In
	S
	Nano Energy 2016, 22, 572-582

	20
	PbTe
	Sn
	Se
	J. Am. Chem. Soc. 2018, 140, 40, 13097-13102

	21
	SnTe
	Ge, Mn
	
	Adv. Funct. Mater. 2018, 28, 1803586

	22
	SnTe
	Ge, Sb
	
	Nano Energy 2020, 67, 104261

	23
	SnTe
	In
	
	Proc. Natl. Acad. Sci. U.S.A. 2013, 110, 33, 13261

	24
	SnTe
	Cu
	
	Adv. Electron. Mater. 2016, 2, 1600019

	25
	SnTe
	Mn
	
	Small 2018, 14, 1802615

	26
	SnTe
	Mg
	
	Chem. Mater. 2015, 27, 581-587

	27
	SnTe
	Sb
	
	Energy Environ. Sci. 2016, 9, 2011

	28
	SnTe
	Ag, Sb
	
	ACS Energy Lett. 2018, 3, 705-712

	29
	SnTe
	Hg, Bi
	
	Energy Environ. Sci. 2015, 8, 267

	30
	SnTe
	Sr, Bi
	
	J. Am. Chem. Soc. 2016, 138, 2366-2373

	31
	SnTe
	Pb
	I
	J. Am. Chem. Soc. 2021, 143, 8538-8542

	32
	SnTe
	Cd
	Se
	Nano Energy 2019, 60, 1-7

	33
	SnTe
	Cd, ZN
	S
	J. Am. Chem. Soc. 2014, 136, 7006-7017

	34
	SnTe
	In
	Se
	J. Mater. Chem. A 2014, 2, 9620

	35
	SnTe
	Ag
	I
	J. Solid State Chem. 2016, 242, 43-49

	36
	SnTe
	Ag, In
	I
	Appl. Phys. Lett. 2016, 109, 042102

	37
	SnTe
	Pb, Bi
	Se
	Energy Environ. Sci. 2017, 10, 2420-2431

	38
	SnTe
	Cd
	Se
	ACS Appl. Mater. Interfaces 2017, 9, 2612-22619

	39
	SnTe
	Bi
	Cl
	Nano Energy 2018, 47, 81-88

	40
	SnTe
	Ca
	I
	ACS Appl. Energy Mater. 2019, 2, 1997-2003

	41
	GeTe
	Sb
	
	Chem. Mater. 2015, 27, 20, 7171-7178

	42
	GeTe
	Bi
	
	NPG Asia Mater. 2017, 9, 3, e353-e353

	43
	GeTe
	Pb
	
	Adv. Energy Mater. 2013, 3, 815-820

	44
	GeTe
	Cd, Bi
	
	Adv. Energy Mater. 2018, 8, 1801837

	45
	GeTe
	In, Sb
	
	Adv. Mater. 2018, 30, 1705942

	46
	GeTe
	Pb, Bi
	
	Joule 2018, 2, 976-987

	47
	GeTe
	Mn, Bi
	
	Proc. Natl. Acad. Sci. U.S.A. 2018, 115, 21, 5333

	48
	GeTe
	Ti, Bi
	
	Mater. Today Phys. 2019, 9, 100094.

	49
	GeTe
	Ta, Sb
	
	Adv. Mater. 2021, 2102575

	50
	GeTe
	V, Bi
	
	Adv. Energy Mater. 2021, 11, 2100544

	51
	GeTe
	Sb
	Se
	Chem. Mater. 2017, 29, 2, 605-611

	52
	GeTe
	
	I
	Inorg. Chem. Front. 2021, 8, 1205

	53
	GeTe
	Sb
	B
	Adv. Energy Mater. 2021, 2102012

	54
	GeTe
	Bi, Sb
	I
	Chem. Mater. 2020, 32, 1693-1701

	55
	GeTe
	Bi
	I
	This work




Table S2.
Determined measurement uncertainties of direct and indirect thermoelectric parameters.
	T (K)
	(S)
	(σ)
	(PF)
	(D)
	(κ)
	(T)
	(zT)

	300
	3.35%
	4.75%
	8.21%
	3.65%
	3.65%
	7.49%
	11.70%

	325
	3.54%
	4.97%
	8.65%
	3.43%
	3.44%
	7.70%
	12.08%

	350
	3.01%
	5.22%
	7.97%
	3.43%
	3.45%
	7.33%
	11.36%

	375
	3.64%
	5.06%
	8.87%
	3.57%
	3.60%
	7.37%
	12.08%

	400
	3.02%
	5.27%
	8.02%
	3.58%
	3.62%
	7.41%
	11.50%

	425
	3.65%
	4.88%
	8.78%
	3.59%
	3.63%
	7.56%
	12.14%

	450
	3.17%
	5.04%
	8.10%
	3.60%
	3.65%
	7.39%
	11.56%

	475
	3.27%
	5.04%
	8.26%
	3.61%
	3.67%
	7.35%
	11.65%

	500
	3.58%
	4.82%
	8.63%
	3.63%
	3.70%
	7.37%
	11.94%

	525
	3.42%
	5.27%
	8.63%
	3.47%
	3.55%
	7.30%
	11.85%

	550
	3.24%
	4.92%
	8.14%
	3.47%
	3.56%
	7.37%
	11.54%

	575
	3.19%
	4.82%
	8.00%
	3.64%
	3.74%
	7.36%
	11.49%

	600
	3.35%
	4.92%
	8.31%
	3.47%
	3.57%
	7.30%
	11.62%

	625
	3.29%
	4.76%
	8.12%
	3.48%
	3.59%
	7.41%
	11.57%

	650
	3.41%
	5.10%
	8.52%
	3.47%
	3.59%
	7.33%
	11.80%

	675
	3.45%
	4.82%
	8.42%
	3.64%
	3.78%
	7.27%
	11.75%

	700
	3.22%
	5.11%
	8.22%
	3.46%
	3.60%
	7.29%
	11.56%

	725
	3.34%
	5.31%
	8.53%
	3.46%
	3.61%
	7.44%
	11.88%

	750
	3.02%
	4.78%
	7.70%
	3.59%
	3.75%
	7.41%
	11.33%

	775
	3.58%
	4.93%
	8.69%
	3.44%
	3.60%
	7.28%
	11.90%

	800
	3.50%
	5.34%
	8.80%
	3.69%
	3.87%
	7.35%
	12.10%


 

Table S3. 
Parameters for modelling Debye-Callaway equation 46.
	Parameter
	Values
	Parameter 
	Values

	ℏ (J∙s-1)
	1.05 e-32 
	θD (K)
	205.70

	vl (m∙s-1)
	3244
	vs (m∙s-1)
	1747

	V (m3)
	5.34 e-31
	N
	2

	γ
	1.56 (Ref. 46)
	 (kg)
	1.66 e-25

	β
	1.5 (Ref. 46)
	 (m3)
	2.67 e-29

	d (m)
	2.00 e-6
	R (m)
	2.00 e-7

	D (kg∙m-3)
	6.14 e3
	∆D (kg∙m-3)
	0.85 e3

	NNP (m-3)
	8.90 e18
	Γ
	0.15 (fitted)




Table S4. 
Input parameter for FEA simulation 16.
	Parameter
	Values

	p-type electrical contact resistance
	38 μΩ∙cm2

	n-type electrical contact resistance
	18 μΩ∙cm2

	p-type thermal contact resistance at hot side
	1.2 e4 W∙m-2∙K-1 (Ref. 16)

	p-type thermal contact resistance at cold side
	6.0 e4 W∙m-2∙K-1 (Ref. 16)

	n-type thermal contact resistance at hot side
	0.6 e4 W∙m-2∙K-1 

	n-type thermal contact resistance at cold side
	3.0 e4 W∙m-2∙K-1

	thermal conductivity of filled glass fibers
	0.9 W∙m-1∙K-1 (Ref. 16)

	temperature of cold side
	300 K
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