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1. Calculation Details
Calculations for Pisarenko relation based on a single Kane band model (SKB).

Pisarenko relation is calculated employing a single Kane band model, assuming
acoustic phonons dominate scattering mechanism. The carrier concentration (n), Seebeck
coefficient (S), carrier mobility (), Lorenz number (L), electrical conductivity (o), and power

factor (PF) can be approximated by the equations (1) — (5):*
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In the equations, 7 is the reduced Planck constant, T is the absolute temperature, kg is the
Boltzmann constant, m* is the density of states effective mass given band degeneracy, C; (9.1
% 10%° Pa for PbSe) is a parameter determined by combining elastic constants,? e is the
elementary positive charge, «a is the reciprocal reduced band gap given by ksT/Eg, in which Eq
is the band gap. E is the deformation potentials for multivalley systems, describing carrier

scattering strength by acoustic phonons.



Table S1. The formation energies of all possible crystal structures by placing Cu atom over

every interstitial site in matrix.

] Config ~ Eformaion  Config
Config  Eformation (€V) Eformation (€V)  Config V) Eformation (€V)
1 111 33 1.10 65 1.11 97 1.24
2 1.17 34 1.27 66 1.10 98 1.08
3 1.18 35 1.09 67 1.19 99 1.16
4 1.21 36 1.18 68 1.13 100 1.15
5 1.16 37 1.26 69 1.25 101 1.24
6 1.08 38 1.13 70 1.17 102 121
7 1.22 39 1.25 71 1.18 103 1.14
8 1.13 40 1.20 72 1.15 104 1.28
9 111 41 1.20 73 1.15 105 1.10
10 1.16 42 131 74 1.22 106 1.10
11 1.19 43 1.13 75 1.16 107 1.25
12 1.25 44 1.07 76 1.09 108 1.26
13 1.19 45 1.24 77 1.16 109 1.23
14 1.19 46 1.22 78 1.15 110 1.12
15 1.08 47 1.10 79 1.23 111 1.24
16 1.12 48 1.16 80 1.25 112 1.22
17 1.27 49 1.17 81 1.09 113 1.27
18 1.23 50 1.14 82 1.15 114 1.17
19 1.20 51 1.16 83 1.17 115 1.21
20 1.28 52 1.14 84 1.09 116 1.26
21 1.13 53 1.18 85 1.16 117 1.09
22 1.28 54 1.27 86 1.16 118 1.14
23 1.15 55 1.17 87 1.15 119 1.15
24 1.15 56 1.16 88 1.27 120 1.14
25 1.28 57 111 89 1.11 121 1.23
26 1.25 58 1.12 90 1.12 122 1.17
27 1.20 59 1.15 91 1.20 123 1.24
28 1.29 60 1.16 92 1.10 124 1.27
29 1.18 61 1.19 93 1.25 125 1.13
30 1.15 62 1.16 94 1.18 126 111
31 1.30 63 1.29 95 1.08 127 1.16
32 1.09 64 131 96 1.27 128 1.18




Table S2. The calculation of band gaps and electron effective mass for PbSe,
PbSeo5Teo.2550.25, Pb0.99SN0.01S€0.5 T€0.2550.25, Cuo.004PbSe, Cuo.004Pbo.99SNo.01Se,

CUuo.004PbSeo5Teo.2550.25, CUo.004P00.99SN0.01S€0.5T€0.25S0.25.

Configuration Eq (eV) Mo (Me)
T—X T—R Average
PbSe 0.448 0.142 0.124 0.133
PbSeo5Te0.2550.25 0.327 0.160 0.152 0.156
PD0.99SN0.01S€0.5T€0.2550.25 0.205 0.160 0.153 0.1565
Cuo.004PbSe 0.390 0.148 0.148 0.148
Cuo.004Pbo.99SNo.01Se 0.339 0.156 0.156 0.156
Cuo.004PbSeo.5Teo.2550.25 0.311 0.175 0.160 0.1675
CuUo.004Pb0.99SN0.01S€0.5 T€0.25S0.25  0.199 0.155 0.154 0.1545

Table S3. The density of Cuo.004Pb1-xSnxSeosTeo.255€0.25 (X = 0 — 0.1)

Sample (Sn concentration)  Density (g/cm?®)

0 7.5827
0.01 7.5980
0.05 7.7263
0.1 7.8264




3. Figures S1-S14
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Figure S1. Energy dispersive spectrometer (EDS) image of the specimen. The corresponding

EDS mappings of Cu, Pb, Sn, Se, Te and S revealing a homogeneous distribution of all
elements.
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Figure S2. Williamson-Hall plot for estimating microstrain (¢) of entropy-engineered lead
chalcogenide Cuo.004Pb1xSnxSeosTeo.2550.25 (x = 0, 0.01, 0.05, 0.1).



Figure S3. Microstructure characterization of Cuo.004PbSeosTeo25S025 sample by
transmission electron microscope (a) — (d) display representative low to high magnification
images, demonstrating the presence of dense linear defects. The inset in (a) corresponds to the
selected area diffraction pattern taken over the entire area, indicating the images are recorded

along <110> zone axis.



Se s Te

Figure S4. Three-dimensional reconstruction of needle-shaped specimen. The orange, jasper,
purple, green, yellow and wine dots correspond to the Cu, Pb, Se, Te, S and Sn atoms,
respectively.
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Figure S5. (a) Contour map of power factor as a function of temperature and hall carrier
concentration (nH). The colormap corresponds to changes in the PF value, with a trend
towards yellow region indicating a higher PF. (b) The relationship between ny and PF. The



red line denotes the calculated optimized PF as a function of ny based on single Kane band
(SKB) model.
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Figure S6. (a) Electrical conductivity and (b) Seebeck coefficient of
Pbo.9995Sb0.0005S€0.5 T€0.25S0.25 and Pho.9gssSNo.01Sbo.00155€0.5T€0.2550.25
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Figure S7. Crystal structure of Cu doped Pbo.goSno.o1SeosSo2sTeo2s systems with lowest
formation energy.
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Figure S8. The structure of PbSeosTe025S0.25, Po.99sSN0.01S€05T€0.25S025, Cuo.00aPbSe,

CUo0.004Pb0.99SN0.01Se, Cuo.004PbSeo5Ten.25S0.25 and Cuo.004Pbo.99SNo.01Se€0.5T€0.25S0.25.

Cug gg4PbSe Cug gg4Pbp 9eSNg g1 Se

0.8
\_/—‘\./ \_/\._/
0.4
E,=0.390 eV E,=0.33%eV

my=0.156 m,

E-E (eV)

Wave vector Wave vector

Pbyg 995N g15€0 5T€ 2550 25

PbSeq sTeg 5550 25
o8 o —=
" v \/
E,=0.327 eV E,=0.205 eV

E-E (eV)

Wave vector

Wave vector

Figure S9. Calculated Electronic Band structures for, Cug.o0sPbSe, Cuo.004Pbo.99Sno.o1Se,
PbSeosTe0.255€0.25, Pbo.gaSno.o1SeosTeo25Se025, The band gap and effective mass at the

conduction band minimum (CBM) are extracted.
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Figure S11. Calculated phonon (a) band structure, (b) accumulated lattice thermal
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Figure S12. Comparisons of thermoelectric transport performance in n-type PbSe-based
thermoelectric materials such as Pbo.geSbo.012SN0.1S€05T€0.2550.25,° Cuo.00sPbSeo.99Teo.01,*
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12%GeSe.”8 ZTave value at 300-573 K and 300-723K.
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Figure S13. Thermoelectric  properties of three independently synthesized
CUo0.004PD0.99SN0.01Se0 5 Teo.25S€0.25 entropy engineered samples. (a) ZT value, (b) power factor
(PF), (c) electrical conductivity (o), (d) Seebeck coefficient (S), (e) lattice thermal
conductivity (xat) and (f) total thermal conductivity (xot).
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Figure S14. Typical photographs of spark plasma sintered (SPS) high density specimens,
which were cut and polished for thermoelectric property measurements. (a) The diameter and
(b) height of typical SPS processed cylinder-shaped specimen. (c) Typical photograph of cut
and polished SPS samples for measuring thermoelectric properties.
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