Electronic Supplementary Material (ESI) for Energy & Environmental Science.
This journal is © The Royal Society of Chemistry 2020

Electronic Supplementary Information

Computer-aided design of high-efficiency
GeTe-based thermoelectric devices

Min Hong,*® Kun Zheng,© Wanyu Lyv,» Meng Li,* Xianlin Qu,® Qiang Sun,? Shengduo Xu,?

Jin Zou,"*4 and Zhi-Gang Chen*2P

a Centre for Future Materials, University of Southern Queensland, Springfield, Queensland
4300, Australia.

b School of Mechanical and Mining Engineering, The University of Queensland, Brisbane,
Queensland 4072, Australia.

¢ Beijing Key Lab of Microstructure and Property of Solids, Institute of Microstructure and
Properties of Advanced Materials, Beijing University of Technology, Beijing, 100124,
China.

d Centre for Microscopy and Microanalysis, The University of Queensland, Brisbane,
Queensland 4072, Australia.

*Email: zhigang.chen@usq.edu.au (Z. G. C.); zhigang.chen@ugq.edu.au (Z. G. C.);

j.zou@ugq.edu.au (J. Z.)


mailto:zhigang.chen@usq.edu.au
mailto:zhigang.chen@uq.edu.au
mailto:j.zou@uq.edu.au

1. Details of modeling study based on the Kane energy relation

Thermoelectric properties of single-band Kane model are given by !

Seebeck coefficient
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Electrical thermal conductivity is calculated according to the Wiedemann—Franz law, namely

x, =LoT , \* MERGEFORMAT (S7)

with L representing the Lorenz number, and give by
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In the above equations, # is the reduced Fermi level, S = (E, 1s the band gap) is the

g
reciprocal reduced band gap, kp is Boltzmann constant, e is the elementary charge, N is the
band degeneracy, # is the reduced Planck constant, C; is the combination of elastic constants,
m* 1 is the inertial effective mass, and Ey¢ is the deformation potential, respectively 2. Based

on these equations, we calculate L, E4r, and m* d from the measured thermoelectric properties.



2. Phase examination
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Fig. S1 XRD patterns collected from as-synthesized Ge;..,Cr,SbyTe (a)(b) powders and (c)(d)

sintered pellets by SPS.



3. Thermoelectric properties

a b8 L -0-x=0 c8 [ -0-x=0
" -0-x=0.01 -0-x=0.01
200k . O-x=0.02 ~O-x=0.02
<-x=0.03 <-x=003
- 6 ->-x=0.05 6l ->-x=0.05
Pk — - -A-x=0.02,y=0.05 -A-x=0.02,y=0.05
150F - -m-x=002y=008| —~ -m-x=0.02,y=0.08
= § o x=002y=01 | —o-x=002y=0.1
§ n4l, -@-x=0.03,y=0.08 ﬁ'E 41 -@-x=0.03,y=0.08
=100p V=R =
@ : Y00 <.} <
500 -A-x=0.02,y=0.05 2t 2
O-x=0 -w-x=002y=008] = [@ TA T g T TITIEHPE | [([CEaess 0
-0-x=0.01 -@-x=0.02,y=0.1
O 1 1 -<>-|X:0'02 :.-x=0'|03'y=0'0|8 O f ! ! ! ! ! 0 1 1 1 1 1 1
300 400 50 00 700 800 300 400 50 00 700 800 300 400 50 00 700 800
9(}8 9(*8 9(*8
d -O-x=0 e O-x=0 f -O-x=0
24¢ -0-x=0,01 6 -0-x=0.01 25} -0-x=0.01
O-x=0.02 - >-x=0.02 O-x=0.02
4-x=0.03 x=0.03 <-x=0.03
2oL >-x=0.05 S x=0.05 2.0F >-x=0.05
A-x=002y=005| _ o x=0.02y=0.05 -A-x=0.02,y=0.05
& -=-x=0.02,y=0.08 4l m-x=0 02’y=0 sk -m-x=0.02,y=0.08
< “o-x=002y=01 | X oo o1 I 1.5 8-x=002y=0.1
$20 #-x=003y=008 ¢ :i;o' 03'y3’:0- slE —0-x=0.03,y=0.08
S = T =10t
J1.8¢ w2t -
PSR 0.5}
1.6F . - -
300" 400" 500 600”760”800 0.0
(

300 400 5(')51 (Kgéo 700800

300 400 5(')9 (}860 700 800

Fig. S2 Measured temperature-dependent (a) Seebeck coefficient (S), (b) electrical

conductivity (o), and (c) thermal conductivity (x) for Ge,_.,Cr,Sb,Te. Determined (d) Lorenz

number (L), (e) electrical thermal conductivity (&), (f) lattice thermal conductivity (x).



I Heating Cooling_ b0 41 Heating Cooling
120 TEE O Ty
[ —A— —/\—cycling 3 —A— —A-g;::g 3
300 400 500 600 700 800 300 400 500 600 700 800
T (K) T (K)
c d
14} 25
2.0f
1.5}
~ |
NI
1.0f
Heating Cooling [ Heating Cooling
—— —{J—cycling 1 05‘ —— —{J—cycling 1
—@— —O—cycling 2 L —@— —O—cycling 2
—A— —/\x—cycling 3 I —A— —/\—cycling 3
0.8 0.0

300 400 500 600 700 800 300 400 500 600 700 800
T (K) T (K)

Fig. S3 Temperature-dependent (a) S, (b) o, (¢) x, and (d) zT for Ge, goCrg03Sbg s Te

measured through three heating-cooling cycles to test the thermal stability.
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4. Simulation results of geometry optimization
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Fig. S5 During the geometry optimization of the segmented thermoelectric device with length
ratios of n-type (ratio,) and p-type (ratio,) legs, the generated (a) voltage (¥), (b) electrical
output power (P), (c) electrical output power density (Pge,), and (d) conversion efficiency (¢)

as a function of electrical current (/).



5. More unfolded band structures

Fig. S6 Unfolded band structures into the primitive cells of (a) rhombohedral (R-) and (b) cubic

(C-) G660CI'3T664.



6. Hall measurement results
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Fig. S7 Measured temperature-dependent (a) Hall carrier concentration (ny) and (b) Hall carrier
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7. Determined parameters
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Fig. S8 Calculated (a) reduced Fermi level (7), (b) density-of-states effective mass (m* d), and

(c) deformation potential (Eqer) of Gej..,CrSbyTe.
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Fig. S9 Calculated curves of (a) S, (b) ug, (¢) S°0, and (d) zT as functions of ny and temperature,

compared with the corresponding data points for Ge;_,.,Cr,SbyTe.



8. More TEM results taken from sintered Ge( gyCr,3SbgesTe pellet

Fig. S10 TEM images taken from the sintered GegoCrgo3SbgosTe to demonstrate the widely

existed superlattice precipitates.
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Fig. S11 Energy-dispersive X-ray spectrometry (EDS) spectra taken from the matrix (blue) and

the nanoprecipitate (red).



9. FEA simulation results
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Fig. S12 Module simulation results of the thermoelectric device made of the p-type leg of GT
(Ge .xyCr,SbyTe, developed in this study) and BT (BipsSb; sTe;)!? and the n-type leg of MS

(Mg3Sb 48Big45T€0.04)" and BT (BiyTes 79Se021).1 (a) S, (b) o, (¢) «, and (d) S?c profiles along

the thermoelectric legs.



10. Library of thermoelectric device development
Table S1 Simulation results of the device made of as-develped p-type Geg g9Cro03Sbg0sTe and

reported n-type materials.

Materials ZT max T (K) Prax (W) P Brmax (%)
(Wem?)

Ge3Sip 71 1.1 1120 2.81 1.88 8.30
GeSel® 1.3 1123 2.30 1.53 10.02
Ybg3C04Sby,!7 1.3 850 3.27 2.18 10.92
Ing»76C04Sby; '8 1.2 750 3.55 2.37 12.83
Cep.17C04Sb,1° 1.3 850 3.35 2.24 11.25
Bay 3Ing 3C04Sb,-

1.64 850 3.55 2.37 13.69
(BaFe2019)0.0035%°
Bay 3Ing 3C04Sb;,-Cog 902! 1.8 850 3.59 2.39 13.21
Ybo3C04Sby,%2 1.46 825 3.74 2.49 12.94
Ing,Cey 15C04Sb;»/InSb? 1.5 800 3.50 2.33 13.49
Co04Sby; 3Teq 58Sep 1224 1.11 800 3.18 2.12 11.10
Bayg ggLag 05 Ybg 04C04Sb,2? 1.7 850 3.42 2.28 12.64
BagGa; s Gesox2° 0.9 860 1.84 1.23 10.82
YbxCo4Sby,%’ 1.3 850 3.64 243 12.47
Tip.95sMng 0sNiSng 95Sbg 0528 0.45 867 2.73 1.82 6.49
Hf, Zr,_x NiSng 99Sbg 912’ 1 872 3.44 2.30 9.72
Hfy 75719 25NiSng 99Sbg ¢13° 1 900 3.32 2.21 9.64
Zr sHf, sNiSng 9gsSbg 015! 1.1 950 3.35 2.23 9.94
71, Hfy sNiSng 9g5Sbg 015°2 1.1 960 3.20 2.13 8.75




Nbg 3C00.9,Nig 0gSb3? 1.2 1100 2.25 1.50 9.09
ZrNiSn3 0.8 850 2.20 1.46 6.38
Br-doepd SnSe?’ 2.8 770 1.19 0.79 10.55
Bi-doped SnSe3® 2.2 770 1.71 1.14 13.45
Pb1.002S€0.9982Br0.0018°” 1.2 850 2.54 1.69 11.56
PbS0.9978Clg.0022°8 0.7 850 2.35 1.57 10.79
Pbg.95SeSbyg 33>° 1.67 900 2.17 1.45 12.94
PblIng g9sSe*? 1.2 880 2.38 1.59 10.43
Pbg.9925Crg 0075S€*! 1 573 2.20 1.46 12.62
PbTe 998810.0012* 1.4 730 2.97 1.98 13.39
PbS(B12S3)0 01(PbCly )01 1.1 923 1.84 123 9.38
PbTe+8% PbS* 1.2 620 2.26 1.50 13.68
PbTeqoSo.1 +3% Ag,Te® 1.2 775 0.97 0.65 7.62
Sbo.004Pbo 996 T€0 88S0.12*° 1.2 678 1.40 0.93 10.69
(Biy 00:Pbos9sT€)oss(PbS)o 17 | 1.2 676 1.96 131 13.48
2mol%ZnTe+0.025mol%Pbl,

1.35 650 2.86 1.91 14.50
+PbTe*
Pbg.goSeAly o1 1.3 860 2.45 1.63 12.85
PbSe+16%PbS>° 1.3 850 2.31 1.54 12.00
PbTe.998T0.002-3%Sb>! 1.8 773 3.05 2.03 13.68
Pb,_La,Te? 1.2 830 2.62 1.75 11.11
(Pbo.93S10 07)(Te0935€0.07)2 14 780 2.45 1.63 12.00
PbTe-4%MnTe>3 1.6 770 2.56 1.71 13.75
Pby.98sSbg 012 Te—3%GeTe>* 1.36 770 2.23 1.49 13.57




PbTe-4%InSb% 1.83 760 2.26 1.50 11.56
AgPb,,SbTey 16 22 560 3.03 2.02 14.87
Pbo.09ssSbo oousSe—12%GeSe’” | 1.54 815 2.20 1.47 13.06
PbTe-5.5%Cu,Te® 1.53 770 2.72 1.81 11.99
Mg,Sn 1sGeg 25> 1.4 723 3.73 2.49 12.76
Mg5Sio 3810 7Sbo 006 13 700 3.92 2.62 14.17
Mg>Sn 75Geo.»Sbo 020! 1.4 723 3.74 2.49 12.69
Sb-doped Mg,Sig.sSng s 1.63 615 2.66 1.77 14.74
Sb-doped Mg,Sig3Sng 75 1.2 750 3.51 2.34 12.78
Sb-doped Mg>Sig.4Sng ¢ 1 760 3.00 2.00 10.79
Mg;Sbo ¢Bi; 4 1.2 500 2.75 1.84 14.72
Mg;.5Sb; 4Big sTe0.0166 13 2.46 1.64 15.03
BiyTe;" 0.91 350 1.73 1.15 13.91
(BiyTes)o.55(BizSes)o 5% 0.71 480 1.81 1.21 12.83
Bis(Te;Sey)3-1(0.08%)5 1.1 340 2.67 1.78 13.58
CugBi>Tes7Seqs" 1.1 373 2.72 1.81 14.88
BiyTe, 79S€0. 1.2 357 2.90 1.93 14.32
BiyTe,;Seqs ! 1.04 398 2.57 1.71 13.75
AglnsSes” 0.72 750 3.93 2.62 20.13
AgoolnZng Se,” 1.05 810 0.61 0.41 6.63
AgoosNby 04BiSe,” 1 850 0.68 0.45 6.22
(GeSe)os(AgBiSes)s” 0.5 720 0.51 0.34 5.20
Tn,Ses 3576 1 700 1.93 1.29 13.74
Ko.0sPbaoSby 2Tes”? 1.6 700 1.27 0.84 10.11




Ag4Pbyy sSbTey’ 1.5 720 2.10 1.40 12.41
AgPbySbTey,” 1.2 600 1.60 1.07 11.16
AgPb5SbSe;9.925Cly 0725 1.3 870 0.80 0.53 6.41
AgPby, 5SbTey! 1.54 680 1.75 1.17 11.58
Ge-doped AgBiSe,* 1 680 1.20 0.80 8.99
AgySesTeg s 1 500 0.69 0.46 7.33
AgsSeq s 1 400 2.04 1.36 14.31
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Fig. S13 Device simulation results of as-developed p-type Geg g9Cr03SbgosTe and reported n-
type Geo3Sig7.1> Generated (a) voltage (), (b) output electrical power (P), (¢) output electrical
power density (Pge), and (d) conversion efficiency (¢) of the module under cold side

temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S14 Device simulation results of as-developed p-type Geg g9Cr03Sbg osTe and reported n-
type GeSe.!¢ Generated (a) voltage (7), (b) output electrical power (P), (¢) output electrical
power density (Pge), and (d) conversion efficiency (¢) of the module under cold side

temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S15 Device simulation results of as-developed p-type Geg g9Cr03Sbg osTe and reported n-
type Yb,Co4Sb;, x=0.25, 0.3.!7 Generated (a) voltage (V), (b) output electrical power (P), (c)
output electrical power density (Pgen), and (d) conversion efficiency (¢) of the module under

cold side temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S16 Device simulation results of as-developed p-type Geg g9Cr03SbgosTe and reported n-
type Ing,76C04Sby19.1% Generated (a) voltage (V), (b) output electrical power (P), (¢) output
electrical power density (Pye,), and (d) conversion efficiency (¢#) of the module under cold side

temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S17 Device simulation results of as-developed p-type Geg g9Cr03Sbg osTe and reported n-
type Ceg.17C04Sb,.!° Generated (a) voltage (¥), (b) output electrical power (P), (c) output
electrical power density (Pye,), and (d) conversion efficiency (¢#) of the module under cold side

temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S18 Device simulation results of as-developed p-type Geg g9Cr03Sbg osTe and reported n-
type Bag3Ing3Co4Sbir-(BaFe 5019)0.0035.2° Generated (a) voltage (V), (b) output electrical
power (P), (c) output electrical power density (Pge,), and (d) conversion efficiency (¢) of the

module under cold side temperature of 300 K and hot side temperatures of 480, 580, 680, and

780 K.
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Fig. S19 Device simulation results of as-developed p-type Geg g9Crg03SbgosTe and reported n-
type Bag3Ing3C04Sb1,-Cog 02.2! Generated (a) voltage (V), (b) output electrical power (P), (c)
output electrical power density (Pgen), and (d) conversion efficiency (¢) of the module under

cold side temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S20 Device simulation results of as-developed p-type Geg g9Cr03Sbg osTe and reported n-
type Ybo3Co4Sby,,.22 Generated (a) voltage (V), (b) output electrical power (P), (¢) output
electrical power density (Pye,), and (d) conversion efficiency (¢#) of the module under cold side

temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S21 Device simulation results of as-developed p-type Geg g9Cr03Sbg osTe and reported n-
type Ing,Ce 15C04Sb1,/InSb.?* Generated (a) voltage (V), (b) output electrical power (P), (c)
output electrical power density (Pgen), and (d) conversion efficiency (¢) of the module under

cold side temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S22 Device simulation results of as-developed p-type Geg g9Crg03Sbg osTe and reported n-
type Co4Sby;3TeqssS€012.24 Generated (a) voltage (V), (b) output electrical power (P), (c)
output electrical power density (Pgen), and (d) conversion efficiency (¢) of the module under

cold side temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S23 Device simulation results of as-developed p-type Geg g9Cr03SbgosTe and reported n-
type Bag ggLag 05 Ybg04C04Sby,.2° Generated (a) voltage (V), (b) output electrical power (P), (c)
output electrical power density (Pgen), and (d) conversion efficiency (¢) of the module under

cold side temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S24 Device simulation results of as-developed p-type Geg g9Cr03Sbg osTe and reported n-
type BagGa;sGesgiy.2® Generated (a) voltage (V), (b) output electrical power (P), (c¢) output
electrical power density (Pye,), and (d) conversion efficiency (¢#) of the module under cold side

temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S25 Device simulation results of as-developed p-type Geg g9Cr03Sbg osTe and reported n-
type YbxCo4Sby,.2” Generated (a) voltage (V), (b) output electrical power (P), (¢) output
electrical power density (Pye,), and (d) conversion efficiency (¢#) of the module under cold side

temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S26 Device simulation results of as-developed p-type Geg g9Cr03Sbg osTe and reported n-
type Tig.9sMng osNiSng 9sSby o5.2® Generated (a) voltage (7), (b) output electrical power (P), (¢)
output electrical power density (Pgen), and (d) conversion efficiency (¢) of the module under

cold side temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S27 Device simulation results of as-developed p-type Geg g9Cr93SbgosTe and reported n-
type Hf,Zr;_, NiSng¢9Sbg;.2° Generated (a) voltage (V), (b) output electrical power (P), (c)
output electrical power density (Pgen), and (d) conversion efficiency (¢) of the module under

cold side temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S28 Device simulation results of as-developed p-type Geg g9Crg03Sbg osTe and reported n-
type Hfy 75Z1,5sNiSng 99Sbyg 1.3 Generated (a) voltage (V), (b) output electrical power (P), (¢)

output electrical power density (Pgen), and (d) conversion efficiency (¢) of the module under
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cold side temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S29 Device simulation results of as-developed p-type Geg g9Cr03SbgosTe and reported n-
type Zro sHfy sNiSng o35Sbg 015.>! Generated (a) voltage (V), (b) output electrical power (P), (¢)
output electrical power density (Pgen), and (d) conversion efficiency (¢) of the module under

cold side temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S30 Device simulation results of as-developed p-type Geg g9Cr03Sbg osTe and reported n-
type Zr,Hfy sNiSng 35Sbg 015.3> Generated (a) voltage (V), (b) output electrical power (P), (¢)
output electrical power density (Pgen), and (d) conversion efficiency (¢) of the module under

cold side temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S31 Device simulation results of as-developed p-type Geg g9Cr03Sbg osTe and reported n-
type Nbg sC0.97Nig 03Sb.>* Generated (a) voltage (7), (b) output electrical power (P), (c) output
electrical power density (Pye,), and (d) conversion efficiency (¢#) of the module under cold side

temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S32 Device simulation results of as-developed p-type Gey g9Cro ¢3SbgosTe and reported n-
type ZrNiSn.3* Generated (a) voltage (¥), (b) output electrical power (P), (c) output electrical
power density (Pge), and (d) conversion efficiency (¢) of the module under cold side

temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S33 Device simulation results of as-developed p-type Geg g9Cr03SbgosTe and reported n-
type Br-doepd SnSe.?> Generated (a) voltage (), (b) output electrical power (P), (¢) output
electrical power density (Pye,), and (d) conversion efficiency () of the module under cold side

temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S34 Device simulation results of as-developed p-type Geg g9Cr03Sbg osTe and reported n-
type Bi-doped SnSe.3¢ Generated (a) voltage (V), (b) output electrical power (P), (¢) output
electrical power density (Pye,), and (d) conversion efficiency (¢#) of the module under cold side

temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S35 Device simulation results of as-developed p-type Geg g9Cr03Sbg osTe and reported n-
type Pby g02S€0.9982B1o.0018.>7 Generated (a) voltage (V), (b) output electrical power (P), (c)
output electrical power density (Pgen), and (d) conversion efficiency (¢) of the module under

cold side temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S36 Device simulation results of as-developed p-type Geg g9Cr03Sbg osTe and reported n-
type PbS.0978Clo.0022.3 Generated (a) voltage (V), (b) output electrical power (P), (¢) output
electrical power density (Pye,), and (d) conversion efficiency (¢#) of the module under cold side

temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S37 Device simulation results of as-developed p-type Geg g9Cr03Sbg osTe and reported n-
type PbgosSeSby 033.3° Generated (a) voltage (V), (b) output electrical power (P), (¢) output
electrical power density (Pye,), and (d) conversion efficiency (¢#) of the module under cold side

temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.



@) ' BN
1. i 2.
0.8}
= —~15
206} 1 2
> Q. 11
04} :
0.2-\ - 0-5'/\
. . . ol
0 2 4 6 8 0 y: 4 6 8
I (A) [ (A)
1.5_ (C)_ 10- (d).
N 8f
=
c 1 .
< 6
S ASS
5 af
Q:DO.S'
/\ 2
0/\ : 0
0 2 4 6 8 0 2 4 6 8
I (A) [ (A)

Fig. S38 Device simulation results of as-developed p-type Gey g9Cro ¢3SbgosTe and reported n-
type PblnggosSe.*® Generated (a) voltage (V), (b) output electrical power (P), (c) output
electrical power density (Pgen), and (d) conversion efficiency (@) of the module under cold side

temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S39 Device simulation results of as-developed p-type Geg g9Crg03Sbg osTe and reported n-
type Pbg.g925Cro.0075S€.#! Generated (a) voltage (V), (b) output electrical power (P), (c) output
electrical power density (Pye,), and (d) conversion efficiency (¢#) of the module under cold side

temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S40 Device simulation results of as-developed p-type Geg g9Cr03SbgosTe and reported n-
type PbTeg g9s3l0.0012.*> Generated (a) voltage (V), (b) output electrical power (P), (¢) output
electrical power density (Pye,), and (d) conversion efficiency (¢#) of the module under cold side

temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S41 Device simulation results of as-developed p-type Geg g9Cr03SbgosTe and reported n-
type PbS(Bi,S3)0.01(PbCly).01.43 Generated (a) voltage (V), (b) output electrical power (P), (c)
output electrical power density (Pgen), and (d) conversion efficiency (¢) of the module under

cold side temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S42 Device simulation results of as-developed p-type Geg g9Cr03Sbg osTe and reported n-
type PbTe+8% PbS.* Generated (a) voltage (V), (b) output electrical power (P), (¢) output
electrical power density (Pye,), and (d) conversion efficiency (¢#) of the module under cold side

temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S43 Device simulation results of as-developed p-type Geg g9Cro ¢3SbgosTe and reported n-
type PbTen oS¢ 1-3% Ag,Te.*> Generated (a) voltage (V), (b) output electrical power (P), (c)
output electrical power density (Pgen), and (d) conversion efficiency (¢@) of the module under

cold side temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S44 Device simulation results of as-developed p-type Geg g9Cr03Sbg osTe and reported n-
type Sbo.004Pbo.gos Te0.8550.12.4¢ Generated (a) voltage (V), (b) output electrical power (P), (¢)
output electrical power density (Pgen), and (d) conversion efficiency (¢) of the module under

cold side temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S45 Device simulation results of as-developed p-type Geg g9Cr03Sbg osTe and reported n-
type (Big,001Pbo.999Te)0.83(PbS)o.12.4” Generated (a) voltage (), (b) output electrical power (P),
(c) output electrical power density (Pqen), and (d) conversion efficiency (@) of the module under

cold side temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S46 Device simulation results of as-developed p-type Geg g9Cro ¢3SbgosTe and reported n-
type 2mol%ZnTe+0.025mol%Pbl,+PbTe.*® Generated (a) voltage (V), (b) output electrical
power (P), (¢) output electrical power density (Pgen), and (d) conversion efficiency (@) of the

module under cold side temperature of 300 K and hot side temperatures of 480, 580, 680, and

780 K.
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Fig. S47 Device simulation results of as-developed p-type Geg g9Cr03Sbg osTe and reported n-
type PbgooSeAlyo;.*° Generated (a) voltage (V), (b) output electrical power (P), (c) output
electrical power density (Pye,), and (d) conversion efficiency (¢#) of the module under cold side

temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S48 Device simulation results of as-developed p-type Geg g9Cr03SbgosTe and reported n-
type PbSe-16%PbS.>% Generated (a) voltage (¥), (b) output electrical power (P), (¢) output
electrical power density (Pye,), and (d) conversion efficiency (¢#) of the module under cold side

temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S49 Device simulation results of as-developed p-type Geg g9Cr03Sbg osTe and reported n-
type PbTeg093T0.002-3%Sb.>! Generated (a) voltage (V), (b) output electrical power (P), (c)
output electrical power density (Pgen), and (d) conversion efficiency (¢) of the module under

cold side temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S50 Device simulation results of as-developed p-type Geg g9Cr03Sbg osTe and reported n-
type Pb;_La,Te.? Generated (a) voltage (V), (b) output electrical power (P), (c) output electrical
power density (Pge), and (d) conversion efficiency (¢) of the module under cold side

temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S51 Device simulation results of as-developed p-type Geg g9Cr03Sbg osTe and reported n-
type (Pbg.o3Sng 07)(Teo.03S€0,07).>> Generated (a) voltage (V), (b) output electrical power (P), (¢)
output electrical power density (Pge,), and (d) conversion efficiency (¢) of the module under

cold side temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S52 Device simulation results of as-developed p-type Geg g9Cr03Sbg osTe and reported n-
type PbTe-4%MnTe.>3 Generated (a) voltage (V), (b) output electrical power (P), (c) output
electrical power density (Pye,), and (d) conversion efficiency (¢#) of the module under cold side

temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S53 Device simulation results of as-developed p-type Geg g9Cro ¢3SbgosTe and reported n-
type PbgossSbg o12Te—13%GeTe.>* Generated (a) voltage (V), (b) output electrical power (P),
(c) output electrical power density (Pgen), and (d) conversion efficiency (@) of the module under

cold side temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S54 Device simulation results of as-developed p-type Geg g9Cr03Sbg osTe and reported n-
type PbTe-4%InSb.>> Generated (a) voltage (), (b) output electrical power (P), (c) output
electrical power density (Pye,), and (d) conversion efficiency (¢#) of the module under cold side

temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S55 Device simulation results of as-developed p-type Geg g9Cr03Sbg osTe and reported n-
type AgPb,,SbTe,.,.°¢ Generated (a) voltage (V), (b) output electrical power (P), (¢) output
electrical power density (Pye,), and (d) conversion efficiency (¢#) of the module under cold side

temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S56 Device simulation results of as-developed p-type Geg g9Cr03Sbg osTe and reported n-
type Pbg.g955Sbg 0045Se—12%GeSe.>” Generated (a) voltage (V), (b) output electrical power (P),
(c) output electrical power density (Pqen), and (d) conversion efficiency (@) of the module under

cold side temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S57 Device simulation results of as-developed p-type Geg g9Crg03Sbg osTe and reported n-
type PbTe-5.5%Cu,Te.’® Generated (a) voltage (V), (b) output electrical power (P), (¢) output
electrical power density (Pge,), and (d) conversion efficiency (@) of the module under cold side

temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S58 Device simulation results of as-developed p-type Geg g9Cr03Sbg osTe and reported n-
type Mg,Sng 75Geg5.>° Generated (a) voltage (V), (b) output electrical power (P), (¢) output
electrical power density (Pye,), and (d) conversion efficiency (¢#) of the module under cold side

temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S59 Device simulation results of as-developed p-type Geg g9Cr03Sbg osTe and reported n-
type Mg,Sio 3Sng 7Sbg g06.°° Generated (a) voltage (V), (b) output electrical power (P), (¢) output
electrical power density (Pye,), and (d) conversion efficiency (¢#) of the module under cold side

temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S60 Device simulation results of as-developed p-type Geg g9Crg03SbgosTe and reported n-
type Mg,Sng 73Geg2Sbo .01 Generated (a) voltage (V), (b) output electrical power (P), (c)
output electrical power density (Pgen), and (d) conversion efficiency (¢) of the module under

cold side temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S61 Device simulation results of as-developed p-type Geg g9Cro ¢3SbgosTe and reported n-
type Sb-doped Mg,SigsSng 5.9 Generated (a) voltage (7), (b) output electrical power (P), (c)
output electrical power density (Pgen), and (d) conversion efficiency (¢@) of the module under

cold side temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S62 Device simulation results of as-developed p-type Geg g9Cro ¢3SbgosTe and reported n-
type Sb-doped Mg,Siy3Sng 7.9 Generated (a) voltage (7), (b) output electrical power (P), (c)
output electrical power density (Pgey), and (d) conversion efficiency (¢) of the module under

cold side temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S63 Device simulation results of as-developed p-type Geg g9Cr03SbgosTe and reported n-
type Sb-doped Mg,Sij4Sng6.%* Generated (a) voltage (7), (b) output electrical power (P), (c)
output electrical power density (Pgen), and (d) conversion efficiency (¢) of the module under

cold side temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S64 Device simulation results of as-developed p-type Geg g9Cr03Sbg osTe and reported n-
type Mg3Sbg¢Bi; 4.9 Generated (a) voltage (7), (b) output electrical power (P), (c) output
electrical power density (Pye,), and (d) conversion efficiency (¢#) of the module under cold side

temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.



1.5t ) ) (a)] 25} ' ) (b)’
2 L
— 1 [ )
- ¢ Q |
0.5}
0.5}
0 0 /_\
0 2 4 6 0 pi 4 6
[ (A) [ (A)
(c) 151 (d)
1.5
R
= i
5 1 S 10
E £
= _
)]
a- 0.5 S
0 /_\ 0
0 2 4 6 0 2 4 6
[ (A) [ (A)

Fig. S65 Device simulation results of as-developed p-type Geg g9Crg03Sbg osTe and reported n-
type Mgs.5Sby 49BigsTe0.01.5¢ Generated (a) voltage (¥), (b) output electrical power (P), (c)
output electrical power density (Pgen), and (d) conversion efficiency (¢) of the module under

cold side temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S66 Device simulation results of as-developed p-type Geg g9Cr03Sbg osTe and reported n-
type Bi,Te;.6” Generated (a) voltage (V), (b) output electrical power (P), (¢) output electrical
power density (Pge), and (d) conversion efficiency (¢) of the module under cold side

temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S67 Device simulation results of as-developed p-type Geg g9Cr03Sbg osTe and reported n-
type (BiyTes)os5(BizSes)o 15.6% Generated (a) voltage (V), (b) output electrical power (P), (¢)
output electrical power density (Pgen), and (d) conversion efficiency (¢) of the module under

cold side temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S68 Device simulation results of as-developed p-type Geg g9Cr03Sbg osTe and reported n-
type Biy(Te,Sey)3-1(0.08%).9 Generated (a) voltage (V), (b) output electrical power (P), (¢)
output electrical power density (Pgen), and (d) conversion efficiency (¢) of the module under

cold side temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S69 Device simulation results of as-developed p-type Geg g9Cr03SbgosTe and reported n-
type Cug 1BisTe; 7Seq 3.9 Generated (a) voltage (V), (b) output electrical power (P), (c) output
electrical power density (Pye,), and (d) conversion efficiency (¢) of the module under cold side

temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S70 Device simulation results of as-developed p-type Gey g9Cro ¢3SbgosTe and reported n-
type BiyTe, 79Se21.14 Generated (a) voltage (V), (b) output electrical power (P), (c) output
electrical power density (Pgen), and (d) conversion efficiency (@) of the module under cold side

temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S71 Device simulation results of as-developed p-type Geg g9Cr03Sbg osTe and reported n-
type Bi,Te;;Seps.”! Generated (a) voltage (V), (b) output electrical power (P), (¢) output

electrical power density (Pye,), and (d) conversion efficiency (¢#) of the module under cold side

temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S72 Device simulation results of as-developed p-type Gey g9Cro ¢3SbgosTe and reported n-
type AglnsSeg.”> Generated (a) voltage (V), (b) output electrical power (P), (c) output electrical
power density (Pge), and (d) conversion efficiency (¢) of the module under cold side

temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S73 Device simulation results of as-developed p-type Geg g9Cr03Sbg osTe and reported n-
type AgoolnZngSe,.”3 Generated (a) voltage (), (b) output electrical power (P), (¢) output
electrical power density (Pye,), and (d) conversion efficiency (¢#) of the module under cold side

temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S74 Device simulation results of as-developed p-type Geg g9Cr03SbgosTe and reported n-
type Ago.osNbo 04BiSe,.”* Generated (a) voltage (V), (b) output electrical power (P), (¢) output
electrical power density (Pye,), and (d) conversion efficiency (¢#) of the module under cold side

temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S75 Device simulation results of as-developed p-type Geg g9Cro ¢3SbgosTe and reported n-

type (GeSe)ys(AgBiSe;)os.”> Generated (a) voltage (V), (b) output electrical power (P), (c)

output electrical power density (Pgen), and (d) conversion efficiency (¢@) of the module under

cold side temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S76 Device simulation results of as-developed p-type Gey g9Cro ¢3SbgosTe and reported n-
type InsSe 35.7¢ Generated (a) voltage (7), (b) output electrical power (P), (c) output electrical
power density (Pgen), and (d) conversion efficiency (¢) of the module under cold side

temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S77 Device simulation results of as-developed p-type Geg g9Cr03SbgosTe and reported n-
type Ko.95PbyoSb; 2 Tey,.”7 Generated (a) voltage (V), (b) output electrical power (P), (¢) output
electrical power density (Pye,), and (d) conversion efficiency (¢#) of the module under cold side

temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S78 Device simulation results of as-developed p-type Geg g9Cr03SbgosTe and reported n-
type Ago4Pbsy sSbTes.”® Generated (a) voltage (V), (b) output electrical power (P), (¢) output
electrical power density (Pye,), and (d) conversion efficiency (¢#) of the module under cold side

temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S79 Device simulation results of as-developed p-type Geg g9Cr03SbgosTe and reported n-
type AgPb,SbTe,.” Generated (a) voltage (V), (b) output electrical power (P), (¢) output
electrical power density (Pye,), and (d) conversion efficiency (¢#) of the module under cold side

temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S80 Device simulation results of as-developed p-type Geg g9Crg03SbgosTe and reported n-
type AgPbigSbSe 9.9,5Clg072.8° Generated (a) voltage (V), (b) output electrical power (P), (c)
output electrical power density (Pgen), and (d) conversion efficiency (¢) of the module under

cold side temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.



“(a) ' " (b)
15}
1 L
s s
> a
05}
05}
0 : 0 i %
0 2 4 0 2 4
I (A) [ (A)
(c) - " (d)
1 10
§
=
© e
= >
=05 ® 5
3
a
0 il : 0
0 2 4 0 2 4
I (A) [ (A)

Fig. S81 Device simulation results of as-developed p-type Geg g9Cr03Sbg osTe and reported n-
type AgPbsy, sSbTes.8! Generated (a) voltage (V), (b) output electrical power (P), (¢) output
electrical power density (Pye,), and (d) conversion efficiency (¢#) of the module under cold side

temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S82 Device simulation results of as-developed p-type Geg g9Crg03Sbg osTe and reported n-
type Ge-doped AgBiSe,.3> Generated (a) voltage (V), (b) output electrical power (P), (c) output
electrical power density (Pye,), and (d) conversion efficiency (¢#) of the module under cold side

temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S83 Device simulation results of as-developed p-type Geg g9Cr03Sbg osTe and reported n-
type Ag,SeqsTes.? Generated (a) voltage (V), (b) output electrical power (P), (c) output
electrical power density (Pye,), and (d) conversion efficiency (¢#) of the module under cold side

temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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Fig. S84 Device simulation results of as-developed p-type Geg g9Cr03SbgosTe and reported n-
type Ag,Seq 0s.3* Generated (a) voltage (V), (b) output electrical power (P), (c) output electrical
power density (Pge), and (d) conversion efficiency (¢) of the module under cold side

temperature of 300 K and hot side temperatures of 480, 580, 680, and 780 K.
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