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Figure 1 (Color online) Raw material cost advantage and development tendency for PbS. (a) The earth abundance and relative price to Te of normal

clements to form thermoelectric materials'"'*"
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Figure 2 (Color online) Carrier concentration optimizing approach to PbS.

(a) Thermoelectric parameters changing with carrier concentration”; ; (b)

calculated band structure for PbS"™"; (c) carrier concentration as a function of doping amount for different dopants[18 25728313234 40441, ; (d) carrier mobility
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as a function of carrier concentration for different dopants[
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Figure 3 (Color online) Carrier mobility enhancing strategies for PbS. Enhancing quality factor B (a) and ZT (b) of PbS through conduction band
sharpening and conduction band alignment[zg]. (c) Enhancing ZT of PbS,Se,4 through Pb compensation. Inset: Carrier concentration and carrier
mobility for PbHXSO_sSeM[M]. (d) Optimizing carrier mobility to enhance the ZT of PbS-Pb-Se-Cu. Inset: Comparison of the scanning electron

microscopes between crystal samples and polycrystal samples[m]

TR RAG RN BARTE. i A K S A AT LA St
WU, B T B ss R UE
RO RUBE R S IARRE S AR S B R B, 2
FE A R AR Rt S A L Bt A=A LT, A
) 44 SCRA3 A AR AR A T SPS B2 15 21 1Y 22 SR i
TREHRARTF T HE60%, UNEI3(d)FTR. SRS R PR
AEAE IR NS BT, 7E300~823 KN 44 2Tk F|
~0.92, FIRZTIKF~0.64, ¥k HATPbSHEIM A A EMA R
HRIE R R E. B TR T R Y S = R PR RE,
AR T 8 5L T PSS AR A 2 1E,
SEPL T 36.9 KIY IR IR2E, IR E 3 & IPbS
FEBRE AR AT A R A AR 9 .

3 AU
AT AR T AR 9 D S R T £ Aoty

668

e tERe. AU ERI Tk R E AT AL R
. SIREHISNSE. Hous AP 7EPbSHhisZe T/ it
fIn, FHALERFIH I LIZEPbS 5] A Sk B KRB
B, $ETH T A RO e DI (e A5 AL 1 RS B R
Tb. % TAE RS AE423~823 KINFA5~0.8 1 F- 1 2T,
1E723 KIRIG~1. 1 (IE(HZT.

Chen AP HEnEIPbSH1 5| AfLAHIGaSh, fiGals
SbiGHEPOAIE. T GaffJ4siiE L K Sbiy splLif iyt
[FIVEF, GaSbiBZefinIPbS St th LAl FIsiy 2 ] 1 fk
22 0\ 0.34 eVFEKF0.15 eV, WE4(a)ii~. % TAER
AL EYIB RS, BRI T AR AL A Y
B Ak, WE4O) AT LU H, A% A SUR
TR, $B24GaSbRYEE T EAH IR FIRE TR, 58
Z2SbLA K Ga. IndLdB 28 A S AH LUAI A B i 1 ZE DL 5
FE. T GaSbB AT A2k It T B i [ ief o 5



Pk

a
@
| ' ,,,, JAES0- eV ' ,,,,, (AE=015 eV
%
= PbS Pb,,(GasSb),S
. \ ' ae03sev J\ 2EF0.22ev
PbS Pby oA 005
(c)
30
~24r
g
%
= 18
o
; 12 A
E‘/ @ 0
o —e—PbS-GaSb  m*~0.70m,
6 —e—PbS-Ga-n m*~0.40m,
—A—PbSSb  m*~0.40m,

e e e
300 400 500 600 700 800 900
T (K)

(0) 300

——m*=0.70m,
- -- m=0.40m,
® GaSb 5%

» U R
» Naiz el s
4 SbiBz

* Ga-n #i3

0 1

2345678 910
n (10" cm?3)

_
(6]

' 4 e

[
«»»’i\

l"}:"l' iy e

—8—PbS-Ag m*~0.70m,
—»—PbS-Li m*~0.40m,
—#— PbS-Na m*~0.40m,

N
o

PF (uW cm™ K?)
(6)]

B —— ;
300 400 500 600 700 800
T (K)

B 4 (P2 R% @) REHF ISR TFPbS UL RE. (a) POSEEMFIBUR I, (b) GaSb. Agll FHAbIB 24558 2k & (Y Pisarenko i

2RI726PAB] (o) GaSbiB k. Ga-IndkiBZ2 L) K ShiB et 5 BIPFY); (d) Ag. Li. NaisZuktihypr 74+
Figure 4 (Color online) Enhancing thermoelectric performance of PbS through band convergence. (a) Schematic of band convergence for PbSP4,

(b) Pisarenko plot for samples doped by GaSb, Ag and other dopants
and Na doped samples[l7’4l’45]

S5 R R, nfYPbSAY HE AL BEAS 2
TREEMRE. RN TFPFAHE423 Kik 3|
~24 uW em™' K (U418, 7E423~823 KN F-HPFik|
~20.4 uW em™' K72, & H AT PbSHE S b1k b 14 5

WuZs A\ i fEp BIPbS T E | AAg, EIRSEH T p
RIPbS MU SL, tnEl4(a) iR, AgiBZefdifgphl
PbSHILH FIZHY 2 (Bl BE B 22 )\ 0.34 e VIEL50.22 eV.
M TMares, El4b)hAgBZeruke it SLitB 2 K Na
PBIRRE A LA B A R R iR
B AgpTUPbSFRINH T 58 th W B AL Mg, Wnl&l4
(DR, Lig N TAEWRENIE T AgZEp &I PbSH HA
PRI WSO T34 58 25505 B IR

iR AL

AR 5 AR P R BRI PO S EA L R RE S TH 0 T
BHER. A R SZ H TR P 2

4

17263941431, (c) PF for GaSb, Ga-In and Sb doped samples[%’39 ; (d) PF for Ag, Li

B, FRAR ARG TR S B B 5 SRR s 1
[ i SRR B A A% IS AT AE , A
FRSFRCER BIL A X AS [0 2% 4 75 1~ 3 N R R,
o, R A EAE R A RAIE R L. TEARZE
BOHLEHI R, SFXT TR AU R ST T AR
HLAEARAS 7 - X 3k o 40 S S Ay, a5 B e X e - U
Bl 7S T AR AR K i, B A R A X e
W7, TR AR F R U SR S 9OR MR E R
SEPU S0y M B S BE mE SE AT
W S B O R T, AT R AIG A A BT R R
=P,

I AMEBIFIN, BRTESAMEITTRE R
ANTF) 218 R A AR, o n] LU A 44k sl 5 PbakS
B[] = T TC BRI K e i R S5 - B, it R &
I 3% Sl U TR R BERRAR AR AR TR K5 (0),
()73 B2 Tl I A [T B AR A A B Rk T A
B ZTHIFRFEMETAE. Zhao® A\ En# PbS 115 2% SbifH

669



M % h & 2025528 #H70% o6

(a)

3.0
2.5} -5 nm
< 2.0}
)
= WAL
NG
B 1.5¢ ~10 nm
®
&1.0¢ AEINE
0.5} o
N
0 50 100 150
© AR (cm™)
2.5
—Pbs
—@—PbS-Sb-Cu
—— -
_ 20} =
e —4—Pbs-Cl-Cas
Y —4—PbS-Na-SrS
< 1.5} —®—PbS-Ga-Se-Te
€
210
k‘_ﬂ
0.5}

300 400 500 600 700 800 900
T (K)

——PbS

—@— PbS-Sb-Cu
—A—PbS-Ag
1.5} —»—Pbs-Ge
—&—PbS-Cl-Cas
—4—PbS-Na-SrS
—8— PbS-Ga-Se-Te

300 400 500 600 700 800 900
T(K)

B 5 (FI4HU% (0)PS s A SIS () ARBURHLEBR SBORCRDY: () BUMHLER SR, R T R T

LS 202531 30U g 08 1y ik FAF R (0) L ZT(d)

Figure 5 (Color online) Lattice thermal conductivity optimizing strategies for PbS. (a) Frequency dependent scattering rate for different scattering
mechanisms[so]; (b) schematic for scattering mechanisms[g]; lattice thermal conductivity (¢) and ZT (d) for some typical work related to lattice thermal
]

. . [15-17,202531,36
conductivity reduction'

W T RS AR Cu, #F7E KB T
& TI B F8 CuAf A T B R PO AL B A Cuf 25 B 58 HH A
R RMER. R, S5IAMMIER Cufyke s
Pby,05Sbg.0,CU.0:S-0.03CutE923 K1 i ek 2
~0.57 Wm™ K, #4857 ~1. 23005 KZT.

WA B LA 98 K 25 K i P SHE B AR
AW HMT R, NI LRSS &z,
Tbafiez25 \PSi i A R 5 T PbS-Agi K & AR,
PbS N K 5 A L B 5 S kb A g2 AR (0 47 76 A5 3% BEL A
T RS, RS HPbS-4.4% AgHIYNKE SRR
7E850 K ks A G AR 5 ~0.43 Wm™ K, ZT35%
~1.7, JEPbSHEMH A BHIRIE i e 2 ZT2 —. Rathore%s
APLEPObSHE| A Ge, GeTE %% Hy, 45 ¥4 1 [ if 75 3
R A BT R 5~20 nmAYPb,GeS, 4K A0, H T
SR 1t FELE20 nm PR R TAEPbSH 5 [£~90%"7,
Pb,GeS, 1l LA SCHUR A 1. Ak, AR b ot
IR IR R P R Fotigat A, i Gets

670

FMsik TR R PR - AR, &, B4k
10% GefKESIE900 KIFHRTF T0.56 Wm™ K™ B
TR, 900 KARTF~1.4500 =5 ZT.

AR EE A S AT DA 24 5 v B Y [
A SRR T2, fCaS. SrSEERALYIE — M7EnHY
FIpPbS A RLIF AR IS R i R, 7EPbS
HiE % PbSe. PbTen] UE AR A, TEORFFEIR
FAEH TR I [ 2 BRI TR, b PbSe 5PbSH]
VI BAT 3 LB 0 A, TP TefEPbS H Y [ 375 4
H~4%"". Cheng APl F¥%530% Se, 4BRPbTe 5
PbSIa] IR R EIBE, (15 PbTefEPbS H A [ 1 1 i 5|
16%, fZa i tERERIFE M 7E300~723 KN A5 Z2Tik
F)~0.73, 723 K} ZTik5)~1.1.

5 L4

ASCNVAG BRI TIRE « TR AT
R T ARESRORMTTIE R EEN T B X PbSIT 2L



SEPAS AR TE TAE. T B, X esm by
B2 A — Bk, ANRIAsE A k] AZS A0 .
(B BRCuly 5 AT IR AL B T, tnl LA SL
BB 75 TR ks R U A B 2 8T,
WE L R HADS R, LN, 3R Pk T R
AT G, (B TR SRR 4R T, %€
D vd RECFIERS A2 NI, TR ZE s A A 15
FEIN. HHTPbSIAH M BHA R EIRZTiAH]~0.64,
KZTikE|~1.7, FonRAREME RS A IREER

W
dx
<

ik

POSHEHEA T M HIE 5 & BT .

H AT X ZIPbS BT IS TIF 2 BB PEREE, 1
pAIPbSIATF KA BVK 5. X FPoSIEHIE AR RN, 75
B K SnRIPbS R REAH VAL 1Y pFU PbSIA LA KL, 16
T LT & 55 POSAH VL L (1 H2 A A Ak LA 28 AT 2 ik FEL BEL DA 7
PEFHHIA S, BOTHR R, —2EPoSAEL R T TFR
W AR S BRI ERZT, vTREEA LTS
REHDY W TR R A, TSI Z TR
THER R ZTX T R FBCR A SE R L

0 N N L bR W N~

10
11

12

13
14

17

18
19

20
21

22

23

24

25

26

Shi X L, Zou J, Chen Z G. Advanced thermoelectric design: From materials and structures to devices. Chem Rev, 2020, 120: 7399-7515

Wu Z, Zhang S, Liu Z, et al. Thermoelectric converter: Strategies from materials to device application. Nano Energy, 2022, 91: 106692

Zhao D, Tan G. A review of thermoelectric cooling: Materials, modeling and applications. Appl Therm Eng, 2014, 66: 15-24

He P, Wu Y. Constructing of highly porous thermoelectric structures with improved thermoelectric performance. Nano Res, 2021, 14: 3608-3615
Yan Q, Kanatzidis M G. High-performance thermoelectrics and challenges for practical devices. Nat Mater, 2022, 21: 503-513

Cai B, Zhao S, Liu F. Micro TEC manufacture: The importance and challenges. MatLab, 2023, 2: 230011

Wang L, Zhang X, Zhao L D. Evolving strategies toward Seebeck coefficient enhancement. Acc Mater Res, 2023, 4: 448-456

Zeier W G, Zevalkink A, Gibbs Z M, et al. Thinking like a chemist: Intuition in thermoelectric materials. Angew Chem Int Ed, 2016, 55: 6826—
6841

Qin B, Wang D, Zhao L D. Slowing down the heat in thermoelectrics. InfoMat, 2021, 3: 755-789

Hsu K F, Loo S, Guo F, et al. Cubic AgPb,,SbTe,,,,: Bulk thermoelectric materials with high figure of merit. Science, 2004, 303: 818-821

Jia B, Wu D, Xie L, et al. Pseudo-nanostructure and trapped-hole release induce high thermoelectric performance in PbTe. Science, 2024, 384: 81—
86

Ge Z H, Zhao L D, Wu D, et al. Low-cost, abundant binary sulfides as promising thermoelectric materials. Mater Today, 2016, 19: 227-239
Calvo G, Valero A. Strategic mineral resources: Availability and future estimations for the renewable energy sector. Environ Dev, 2022, 41: 100640
Wang L, Wen Y, Bai S, et al. Realizing thermoelectric cooling and power generation in N-type PbS, 4Se, 4 via lattice plainification and interstitial
doping. Nat Commun, 2024, 15: 3782

Zhao L D, Lo S H, He J, et al. High performance thermoelectrics from earth-abundant materials: Enhanced figure of merit in PbS by second phase
nanostructures. J Am Chem Soc, 2011, 133: 2047620487

Zhao L D, He J, Wu C [, et al. Thermoelectrics with earth abundant elements: High performance p-type PbS nanostructured with SrS and CaS. J
Am Chem Soc, 2012, 134: 7902-7912

Zhao L D, He J, Hao S, et al. Raising the thermoelectric performance of p-type PbS with endotaxial nanostructuring and valence-band offset
engineering using CdS and ZnS. J] Am Chem Soc, 2012, 134: 16327-16336

Wang H, Schechtel E, Pei Y, et al. High Thermoelectric Efficiency of n-type PbS. Adv Energy Mater, 2013, 3: 488-495

Zheng Y, Wang S, Liu W, et al. Thermoelectric transport properties of p-type silver-doped PbS with in situ Ag,S nanoprecipitates. J Phys D-Appl
Phys, 2014, 47: 115303

Ibafiez M, Luo Z, Geng A, et al. High-performance thermoelectric nanocomposites from nanocrystal building blocks. Nat Commun, 2016, 7: 10766
Chang C, Xiao Y, Zhang X, et al. High performance thermoelectrics from earth-abundant materials: Enhanced figure of merit in PbS through
nanostructuring grain size. J Alloys Compd, 2016, 664: 411-416

Du X, Shi R, Guo Y, et al. Enhanced thermoelectric properties of Pb,_ Bi S prepared with hydrothermal synthesis and microwave sintering. Dalton
Trans, 2017, 46: 2129-2136

Zhao M, Chang C, Xiao Y, et al. High performance of n-type (PbS),_._,(PbSe),(PbTe), thermoelectric materials. J Alloys Compd, 2018, 744: 769~
777

Du X, Wang Y, Shi R, et al. Effects of anion and cation doping on the thermoelectric properties of n-type PbS. J Eur Ceramic Soc, 2018, 38: 3512—
3517

Zhao M, Chang C, Xiao Y, et al. Investigations on distinct thermoelectric transport behaviors of Cu in n-type PbS. J Alloys Compd, 2019, 781:
820-830

Luo Z Z, Hao S, Cai S, et al. Enhancement of thermoelectric performance for n-type PbS through synergy of gap state and fermi level pinning. J
Am Chem Soc, 2019, 141: 6403-6412

671


https://doi.org/10.1021/acs.chemrev.0c00026
https://doi.org/10.1016/j.nanoen.2021.106692
https://doi.org/10.1016/j.applthermaleng.2014.01.074
https://doi.org/10.1007/s12274-021-3555-0
https://doi.org/10.1038/s41563-021-01109-w
https://doi.org/10.54227/mlab.20230011
https://doi.org/10.1021/accountsmr.3c00009
https://doi.org/10.1002/anie.201508381
https://doi.org/10.1002/inf2.12217
https://doi.org/10.1126/science.1092963
https://doi.org/10.1126/science.adj8175
https://doi.org/10.1016/j.mattod.2015.10.004
https://doi.org/10.1016/j.envdev.2021.100640
https://doi.org/10.1038/s41467-024-48268-3
https://doi.org/10.1021/ja208658w
https://doi.org/10.1021/ja301772w
https://doi.org/10.1021/ja301772w
https://doi.org/10.1021/ja306527n
https://doi.org/10.1002/aenm.201200683
https://doi.org/10.1088/0022-3727/47/11/115303
https://doi.org/10.1088/0022-3727/47/11/115303
https://doi.org/10.1038/ncomms10766
https://doi.org/10.1016/j.jallcom.2015.10.052
https://doi.org/10.1039/C6DT04177A
https://doi.org/10.1039/C6DT04177A
https://doi.org/10.1016/j.jallcom.2018.02.152
https://doi.org/10.1016/j.jeurceramsoc.2018.03.046
https://doi.org/10.1016/j.jallcom.2018.12.059
https://doi.org/10.1021/jacs.9b01889
https://doi.org/10.1021/jacs.9b01889

4

30 & 20255528 $£70% H£6H

27

28

29

30

31
32

33
34

35

36

37

38

39

40

41

42

43
44

45

46

47
48

49

50

51

52
53

672

Jiang B, Liu X, Wang Q, et al. Realizing high-efficiency power generation in low-cost PbS-based thermoelectric materials. Energy Environ Sci,
2020, 13: 579-591

Cheng R, Hao S, Li J, et al. Identifying the origins of high thermoelectric performance in group IIIA element doped PbS. ACS Appl Mater
Interfaces, 2020, 12: 1420314212

Xiao Y, Wang D, Zhang Y, et al. Band sharpening and band alignment enable high quality factor to enhance thermoelectric performance in n-type
PbS. J Am Chem Soc, 2020, 142: 4051-4060

Qin Y, Xiao Y, Wang D, et al. An approach of enhancing thermoelectric performance for p-type PbS: Decreasing electronic thermal conductivity. J
Alloys Compd, 2020, 820: 153453

Cheng R, Wang D, Bai H, et al. Bridging the miscibility gap towards higher thermoelectric performance of PbS. Acta Mater, 2021, 220: 117337
Hou Z, Wang D, Hong T, et al. Boosting thermoelectric performance of n-type PbS through synergistically integrating In resonant level and Cu
dynamic doping. J Phys Chem Solids, 2021, 148: 109640

Qin Y, Hong T, Qin B, et al. Contrasting Cu roles lead to high ranged thermoelectric performance of PbS. Adv Funct Mater, 2021, 31: 2102185
Luo Z Z, Cai S, Hao S, et al. Valence disproportionation of GeS in the PbS matrix forms PbsGesS;, inclusions with conduction band alignment
leading to high n-type thermoelectric performance. ] Am Chem Soc, 2022, 144: 7402-7413

Zhu Z, Tiwari J, Feng T, et al. High thermoelectric properties with low thermal conductivity due to the porous structure induced by the dendritic
branching in n-type PbS. Nano Res, 2022, 15: 47394746

Rathore E, Juneja R, Sarkar D, et al. Enhanced covalency and nanostructured-phonon scattering lead to high thermoelectric performance in n-type
PbS. Mater Today Energy, 2022, 24: 100953

Gan L, Zhang F, Zhao X, et al. Thermoelectric enhancement for n-type PbS via synergistic effect of Ti doping and Cu,S compositing. Appl Phys
Lett, 2023, 122: 032101

Liu Z, Hong T, Xu L, et al. Lattice expansion enables interstitial doping to achieve a high average Z7 in n-type PbS. Interdiscip Mater, 2023, 2:
161-170

Chen Z, Cui H H, Hao S, et al. GaSb doping facilitates conduction band convergence and improves thermoelectric performance in n-type PbS.
Energy Environ Sci, 2023, 16: 1676-1684

Su W, Deng Q, Gan L, et al. Ultra-high thermoelectric performance achieved in only ternary lead sulfide through unconventional halogen element
doping. Mater Today Phys, 2024, 42: 101364

Wu M, Cui H H, Chen Z, et al. Realization of valence band convergence for high thermoelectric performance p-type PbS. Chem Eng J, 2024, 494:
153057

Li M, Zhao X, Wang D, et al. Enhancing the thermoelectric and mechanical properties of p-type PbS through band convergence and microstructure
regulation. Nano Lett, 2024, 24: 8126-8133

Qin B, Zhao L D. Carriers: The less, the faster. MatLab, 2022, 1: 220004

Li Y, Wu Z, Lin J, et al. Enhanced thermoelectric performance of hot-press Bi-doped n-type polycrystalline PbS. Mater Sci Semicond Process,
2021, 121: 105393

Hou Z, Wang D, Wang J, et al. Contrasting thermoelectric transport behaviors of p-type PbS caused by doping alkali metals (Li and Na). Research,
2020, 2020: 4084532

Qin Y, Wang D, Hou Z, et al. Thermoelectric transport properties of PbS and its contrasting electronic band structures. Scripta Mater, 2020, 185:
76-81

Liu D, Wang D, Hong T, et al. Lattice plainification advances highly effective SnSe crystalline thermoelectrics. Science, 2023, 380: 841-846
Zhu Y, Yu Y, Zhang H, et al. Large mobility enables higher thermoelectric cooling and power generation performance in n-type AgPb, g, SbTe,,
crystals. J Am Chem Soc, 2023, 145: 24931-24939

Wang S, Wen Y, Bai S, et al. Realizing high-performance thermoelectric modules through enhancing the power factor via optimizing the carrier
mobility in n-type PbSe crystals. Energy Environ Sci, 2024, 17: 2588-2597

Yang J, Xi L, Qiu W, et al. On the tuning of electrical and thermal transport in thermoelectrics: An integrated theory—experiment perspective. npj
Comput Mater, 2016, 2: 15015

Zhang H, Wang H, Zhu H, et al. Hydrothermal synthesis and thermoelectric properties of PbS. Mater Sci-Poland, 2016, 34: 754-759

Lee S, Esfarjani K, Luo T, et al. Resonant bonding leads to low lattice thermal conductivity. Nat Commun, 2014, 5: 3525

Ul Haq B, AlFaify S, Alshahrani T, et al. Exploring the potential of lead-chalcogenide monolayers for room-temperature thermoelectric
applications. Ceramics Int, 2021, 47: 3380-3388


https://doi.org/10.1039/C9EE03410B
https://doi.org/10.1021/acsami.0c01269
https://doi.org/10.1021/acsami.0c01269
https://doi.org/10.1021/jacs.0c00306
https://doi.org/10.1016/j.jallcom.2019.153453
https://doi.org/10.1016/j.jallcom.2019.153453
https://doi.org/10.1016/j.actamat.2021.117337
https://doi.org/10.1016/j.jpcs.2020.109640
https://doi.org/10.1002/adfm.202102185
https://doi.org/10.1021/jacs.2c01706
https://doi.org/10.1007/s12274-022-4117-9
https://doi.org/10.1016/j.mtener.2022.100953
https://doi.org/10.1063/5.0130364
https://doi.org/10.1063/5.0130364
https://doi.org/10.1002/idm2.12056
https://doi.org/10.1039/D3EE00183K
https://doi.org/10.1016/j.mtphys.2024.101364
https://doi.org/10.1016/j.cej.2024.153057
https://doi.org/10.1021/acs.nanolett.4c02058
https://doi.org/10.54227/mlab.20220004
https://doi.org/10.1016/j.mssp.2020.105393
https://doi.org/10.34133/2020/4084532
https://doi.org/10.1016/j.scriptamat.2020.04.023
https://doi.org/10.1126/science.adg7196
https://doi.org/10.1021/jacs.3c09655
https://doi.org/10.1039/D4EE00433G
https://doi.org/10.1038/npjcompumats.2015.15
https://doi.org/10.1038/npjcompumats.2015.15
https://doi.org/10.1515/msp-2016-0098
https://doi.org/10.1038/ncomms4525
https://doi.org/10.1016/j.ceramint.2020.09.183

P A

Summary for “fIS A PEREPOS R LA BRI ST 0E

Progress in PbS-based thermoelectric materials with low cost
and high performance

Lei Wangl’z, Cheng Changl’z* & Li-Dong Zhao'”

Y Tianmushan Laboratory, Hangzhou 311115, China;
* School of Materials Science and Engineering, Beihang University, Beijing 100191, China
* Corresponding author, E-mail: changchengcc@buaa.edu.cn

Thermoelectric materials are widely used in the fields of waste heat harvest and electrified refrigeration because of their
high reliability and long life. Among them, PbS-based thermoelectric materials have attracted much attention because of
the earth abundance and low price of raw materials, and have been a research hotspot in recent years. Due to its low carrier
concentration and high lattice thermal conductivity, it is difficult to improve the thermoelectric performance of PbS. In this
paper, the representative research work of PbS-based thermoelectric materials is introduced from the perspective of the
optimization of thermoelectric parameters including carrier concentration, carrier mobility, effective mass and lattice
thermal conductivity. The energy band structure engineering such as band sharpening and band alignment maintains high
carrier mobility while reducing lattice thermal conductivity. High quality crystal growth has a crucial effect on the
optimization of thermoelectric performance in near room temperature, and high carrier mobility enables PbS-based
materials to realize thermoelectric cooling. Recently, an approach to optimize the effective mass through band convergence
has also been achieved both in n- and p-type PbS successfully. Appropriate doping (GaSb in n-type and Ag in p-type PbS)
minimizes the energy difference between L band and X band to optimize the effective mass. The introduction of multi-scale
defects optimizes the lattice thermal conductivity, because the combination of different kinds of phonon scattering
mechanism could hinder the transport of phonon with a wide range of frequence. We also emphasize that the influence on
other parameters should also be taken into account when optimizing individual thermoelectric physical parameters. For
example, although increasing carrier concentration could improve the electrical conductivity, the electronic thermal
conductivity will also be greatly increased, and the Seebeck coefficient and carrier mobility will also decrease, so it needs
to be controlled within the appropriate range. The scattering mechanism introduced to slow down the phonon transport also
needs to be taken into consideration. At present, the room temperature ZT of the PbS-based thermoelectric material system
reaches ~0.64, and the maximum ZT reaches ~1.7, which indicates that the PbS-based material with abundant raw material
reserves and low price has broad potential for refrigeration and power generation. However, some challenges still need to
be addressed. For example, the research of n-type PbS has achieved many innovative results, while the development of p-
type PbS is slightly left behind. For the application of PbS-based refrigeration devices, it is necessary to develop p-type PbS
thermoelectric materials that match the room temperature performance of n-type PbS. Moreover, it is also necessary to
develop contact materials that match PbS to reduce the contact resistance and thereby increase the cooling performance.
Quantum confinement in PbS with low dimension also deserves attention because it may have the potential of
thermoelectric cooling. For power generation, it is more practical to increase the average ZT of wide temperature range than
to pursue the highest ZT value for improving the power generation efficiency.

thermoelectric materials, PbS, carrier mobility, effective mass, lattice thermal conductivity
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