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Table S1. The lattice parameters of samples based on the rhombohedral and pseudo cubic
unit cells.

Rhombohedral unit cell Pseudo cubic unit cell
Samples - - -
a[A] c [A] a1 [A] o [7]

GeTe 4.169 10.661 5.984 88.333
Geg g5BigosTe 4.192 10.629 5.999 88.666
(Gep.94Bio.osTe€0.99)(CulnTes)o.005 4.192 10.627 5.998 88.674
(Gep.93Big.osTeo.98)(CulnTez)o.01 4.197 10.603 5.998 88.808
(Gep.91Big.osTeo.96)(CulnTez)o.02 4.202 10.582 5.999 88.932
(Geo.g9Bio 05 T€0.94)(CulnTe,)o.03 4.201 10.577 5.997 88.941

The calculation equations for the lattice parameter based on the pseudo cubic unit cell:!
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Fig. S1. SEM image from the fracture surface of pristine GeTe, showing the herringbone
structure.
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Fig. S2. SEM image and corresponding EDS mapping from the fracture surface for a)
(Geo.93Bio.0sT€0.98)(CulnTe,)o.01 and b) (Geg gsBio.osT€0.04)(CulnTe,)o os.
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Fig. S3. a) BSE image and b) line scan results of EPMA analysis in (Geg g9Big o5 T€0.94)(CulnTe;)o.03-
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Fig. S4. Microstructures observation in (Gegg3BiggsTep.os)(CulnTe;)oor Sample. a) Low-
magnification HAADF image and corresponding EDS mappings of Ge, Te, Bi, Cu, and In. b)
Enlarged HAADF image of the red-square area in a) and corresponding EDS mappings of Ge,
Te, Bi, Cu, and In.
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Fig. S5. (a) Bright-field TEM  micrograph of CulnTe, precipitate in
(Gegg3BiposTep.os)(CulnTey)por Sample and (b) contrast-adjusted image of a) for a clear
distinction.
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Fig. S6. Schematic diagram to explain the crystal orientation relationship between GeTe
matrix and CulnTe; precipitate in SAED of Fig 2i.
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Fig.S7. pDOS of cubic GessInTeqs. The hybridization of ‘s’ orbitals of In along with ‘p’ orbitals
of Te and Ge leads to increase in the DOS near the Fermi level corresponding to the resonance
states exhibited in the electronic structure of In doped GeTe.
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Fig.S8. Electronic structure and pDOS of rhombohedral (a and b) GegTes; (c and d)
GesBilnCuTes. The increase in the DOS near Fermi level corresponds to the resonance states
in the electronic structure of GesBilnCuTeg.



The Debye-Callaway model
According to the Debye-Callaway model,2* the lattice thermal conductivity (*tatt) can

be defined as the sum of the spectral lattice conductivity (Ks(f)) at different phonon

frequencies (f), can be expressed as:

0,/T

kp (kgT\, | x*expii(x)
Kiaee = f k() df = 2 (7)3 f Ttot(x)—zdx (3)
2m Vs 0 [exp (x) - 1]
where X5 is Boltzmann’s constant, s is the sound velocity, 7 is the reduced Plank constant, T

is absolute temperature, Opis Debye temperature, Ttot(X) s the total phonon relaxation time

L . —h
of the participating phonon scattering processes, and *~ I /kgT

is reduced phonon
frequency.

Debye temperature (QD) and Debye frequency (fD) are calculated by

2nh( 3N 13
Dzk—B(m) Vg (4)
6m°N
o= () s (5)

where N is the number of atoms in a unit cell, V is the volume of a unit cell.
According to Matthiessen’s rule, ot s the reciprocal sum of the relaxation times at a

certain f, given by:

-1_ -1 -1
Tiot = Zrmtrmsic + ZTextrinsic (6)



where Tintrinsic js the intrinsic process, including the Umklapp process (*v) and the normal
process (™), and Textrinsic is the extrinsic scattering, including the grain boundary scattering (
6B), the point defect scattering (*Pp), and the nanoprecipitate phonon scattering (*~P).

Umklapp process (") based on the second-order perturbation theory:>

h}’zi 22 6D
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Ty = —Zexp:_{fgi( - 3_) (7)
Mavl‘s 6D

where 7 is Griineisen parameter, ™ is average atomic mass.
Normal process (*/):

Ty =Bty (8)

where B is the temperature-dependent ratio of the normal process to the Umklapp process.

Grain boundary scattering (*68):

‘c_Bl=—S (9)

where D is the average grain size of polycrystalline materials.

Point defect scattering (*rp):

r (10)

where V

av js the average atomic volume in a unit cell, T is the point defect scattering
parameter.

I' can be calculated by:®

r=x(1- x)[(%)z + E(M)Z] (11)
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where X is the doping fraction, AM/M js the ratio of change of atomic mass, € is a

phenomenological parameter for fitting, ®disorder and %pure represent the lattice parameter of
disordered and pure alloys.

Nanoprecipitate phonon scattering (*np):

4(Ap\,(fR
T;u} =V (ZNRNP) “hy (”Rszg(?p)z(v_W)4) T INNP (12)

R

where Bve and Ve are the radius and number density for the nanoprecipitate, » and 4P are

the matrix density and the density difference between the matrix and nanoprecipitate.

Table S2. Parameters for the Debye-Callaway modelling.

Parameters Description Values Reference
Ratio of normal and Umklapp process 0.3 7

y Gruneisen parameter 2.19 8

P Phenomenological parameter 82 °

Vg Sound velocity [m s?] 1967 10

M Average atomic mass [kg] 1.66 X 10*  Calculated

V. Average atomic volume in a unit cell [m3] 2.68 X 102 Calculated

p Matrix density [g cm3] 6 10

Ap Density difference [g cm™3] 0.1 1

Ryp Radius for the nanoprecipitate [nm] 1.76 This work

Nyp Number density of nanoprecipitate [m3] 6.15 X 10'®  This work

Calculation for “Teng and 7
Kim et al. have proposed the engineering figure of merit ZDeng and the maximum

efficiency Tmax based on cumulative temperature-dependent properties, which are realistic

(2T eng)

indicators related to the large temperature difference, given by:1?
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where e = (Tn =T/, is Carnot efficiency, Te is a dimensionless intensity

factor of the Thomson effect, and S(Ty) is the Seebeck coefficient at the hot-side temperature

Ty
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