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Figure 1 (Color online) The phase constituent relationship between Sn-S-Se. (a) Binary phase diagram of Sn-Se!'”; (b) ternary phase diagram of Sn-

S-sel'!
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Figure 2 (Color online) The increase in SnSe, doping levels affects the thermoelectric performance of composite materials. (a) Variation of carrier
concentration and mobility for SnSe/SnSe, compositesm]; (b) total thermal conductivity of SnSe/SnSe, composites
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Figure 3 (Color online) Ball-and-stick model of the Sn-Se based compound, its corresponding XRD data, and the band gap data of Sn,Ses. (a) Ball-

and-stick models of Sn,Se;, SnSe, and SnSez[3l’34’35]; (b) XRD data obtained after simulating the ball-and-stick model for Sn,Se;, SnSe and SnSe,
(c) indirect band gap of Sn,Se; calculated by DFT calculations™"!
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Figure 4 (Color online) The relative formation enthalpy of the Sn-S-Se system and the thermoelectric performance of Sn,Se;. (a) Relative formation
enthalpy of Sn-Se[ZG]; (b) relative formation enthalpy of Sn-S[m; (c) Seebeck coefficient of 1D-Sn,Se; and 3D-Sn,Se; as a function of x at 300 K[m; (d)
electrical conductivity of 1D-Sn,Se; and 3D-Sn,Se; as a function of x at 300 K[m; (e) thermal conductivity of 1D-Sn,Se; and 3D-Sn,Se; as a function of

« at 300 K'Y () ZT value of 1D-Sn,Se; and 3D-Sn,Se; as a function of x at 300 K"

700

M



Pk

10" 625
(@) (b) - Sn,Se;E@ (10°0)
101k 600 /
588K
575K
10°F 575 H
- 563K %
(= —~
= L
an 8 L iy 550 !
Eﬁ 10 Sn,Se; %
= Ti3465N35265€55.15 -
107¢ = Ti4138N39605€56.27 525
Tig 15SN36.165€57.69
108 5001 - NESNSNN. . . . EESESNS . . . SR .
10° T T T T T T 475 T T T
300 350 400 450 500 550 600 650 Ti-3.46% Ti-4.13% Ti-6.15%
BE (K)
10" 525
c d
5 r Alg.003SN1 934582591 @ & (10°Q) D19 K
100 | = Alg016SN1 9805€2970
r = Al.0235N1 9545€2.931
101 |
_ 4 500 .
S 1of <
fuss]
& r 1
# 10} od 2l
r 475
10°f
r
10°F
2
10! T T T T T T 450 T T T
300 350 400 450 500 550 600 Al0.3% Al-1% Al-2.3%

BE (K)

B 5 (R4 RUR B4 Sn,Se, B GE PERERYSE . (a) TiHB44) Sn,Se, HIBILBEIR S (L ™Y; (b) TiHBZN Sn,Ses it LI ORI Y (c)
AUBZ4JF SnySe; HL B AR FE AL P ™, (d) AHBZESSn,Se; LI N AR w3 L
Figure 5 (Color online) The influence of doping on the thermal stability of Sn,Se;. (a) Electrical resistance of Sn,Se; changes with temperature after

Ti dopingw; (b) crystallization temperature comparison of Sn,Se; after Ti doping Y- (¢) electrical resistance of Sn,Se, changes with temperature after
. [42] o . o (4]
Al doping' ; (d) crystallization temperature comparison of Sn,Se; after Al doping

BAotE, RIS R § 4 T AL(Sn,Ses),_ 7 Bl ARSCESE T R WAYSnSe. SnSe,. SnSe/SnSe, &
i, Al(Sn,Ses);_, (x=0.003. 0.010. 0.023)W#fE7E B K Sn,Ses FR L PERERFSE. — J71HI, SnSe‘5SnSe,
10 K/min i 38 5 T % f BH B B A9 28 46 ¢ R a0 A BENS AL IL IR Y H A s A ks ERe, AT SE
KI5(c)IR™. BB ALE L, 7EAR AR SR Y1 HHEREILAE. 3 — 7, AP R PISn,Se;
BUF, AR SRS R EAKT S, HHADTRAE £ 0] e LIASE T SnSe MISnSe, HH M ATELE, I HH
—ETRE R T ST AR, 75107 QAR ITERZPEALERE].0. AN, FRATEEE R L
anfb L AL, TRE FREREE AU R B2 mig T, WAL Ti%FTTR 5] ARSI T Sn,Ses il -AE M A
i 5(dyrR* FEASHIRE . (EEASE R, HATSn,Sey b RHER 5
4 sk H5E& B EE—Lem @, FlanAsZ & KRRk
eaeh JG &y oy FesE e — A ), AH G ] REAE R oK Sn,Ses
Sn,Se & —HAR A HEA S PERRTE I i Bib b4 Y AH SR Hh i S R OGTE.

CEPUIN

1 Wang C L. Recent progress in thermoelectric materials, devices and applications (in Chinese). Chin Sci Bull, 2021, 66: 20242032 [ L. #H
AL SRR R E R B2z, 2021, 66: 2024-2032]

2 Minnich A J, Dresselhaus M S, Ren Z F, et al. Bulk nanostructured thermoelectric materials: Current research and future prospects. Energy Environ
Sci, 2009, 2: 466-479
Mahan G D. Introduction to thermoelectrics. APL Mater, 2016, 4: 104806

4 Vedernikov M V, lordanishvili E K. A. F. loffe and origin of modern semiconductor thermoelectric energy conversion. In: Proceedings of the 17th

701


https://doi.org/10.1360/TB-2020-1560
https://doi.org/10.1039/b822664b
https://doi.org/10.1039/b822664b
https://doi.org/10.1063/1.4954055

4

30 & 20255528 $£70% H£6H

0 9 N W

10
11
12

13

14
15

16

17

18

19

20

21
22

23

24

25

26

27

28

29

30

31

32

33
34

35
36

702

International Conference on Thermoelectrics (ICT98), Nagoya, Japan, May 24-28, 1998. IEEE, 1998, 1: 3742

Kanatzidis M G. Nanostructured thermoelectrics: The new paradigm? Chem Mater, 2010, 22: 648659

Sootsman J, Chung D, Kanatzidis M. New and old concepts in thermoelectric materials. Angew Chem Int Ed, 2009, 48: 8616-8639

Jin Q, Jiang S, Zhao Y, et al. Flexible layer-structured Bi,Te; thermoelectric on a carbon nanotube scaffold. Nat Mater, 2019, 18: 62-68

Peng C, Wu L, Song Z, et al. Performance improvement of Sb,Te; phase change material by Al doping. Appl Surf Sci, 2011, 257: 10667—
10670

Harish S, Sathyakam P U. A review of tin selenide-based electrodes for rechargeable batteries and supercapacitors. J Energy Storage, 2022, 52:
104966

Sharma R C, Chang Y A. The Se—Sn (selenium-tin) system. Bull Alloy Phase Diagrams, 1986, 7: 68-72

Liu H, Chang L LY. Phase relations in systems of tin chalcogenides. J Alloys Compd, 1992, 185: 183-190

Pathinettam Padiyan D, Marikani A, Murali K R. Electrical and photoelectrical properties of vacuum deposited SnSe thin films. Cryst Res Technol,
2000, 35: 949-957

Zhao L D, Lo S H, Zhang Y, et al. Ultralow thermal conductivity and high thermoelectric figure of merit in SnSe crystals. Nature, 2014, 508: 373—
377

Qin B, Wang D, Hong T, et al. High thermoelectric efficiency realized in SnSe crystals via structural modulation. Nat Commun, 2023, 14: 1366
Chang C, Wu M, He D, et al. 3D charge and 2D phonon transports leading to high out-of-plane ZT in n-type SnSe crystals. Science, 2018, 360:
778-783

Shu Y, Su X, Xie H, et al. Modification of bulk heterojunction and Cl doping for high-performance thermoelectric SnSe, /SnSe nanocomposites.
ACS Appl Mater Interfaces, 2018, 10: 15793-15802

LiCY,He WK, Wang D Y, et al. Realizing high thermoelectric performance in SnSe, via intercalating Cu (in Chinese). Acta Phys Sin, 2021, 70:
208401 [FEH =, M SCRE, ARV, 45, 2 CusE I SnSe, 1Y R i PERE. WBE2F4H, 2021, 70: 208401]

Shi W, Gao M, Wei J, et al. Tin selenide (SnSe): Growth, properties, and applications. Adv Sci, 2018, 5: 1700602

Kang M, Rathi S, Lee I, et al. Photodetector based on multilayer SnSe, field effect transistor. J] Nanosci Nanotechnol, 2018, 18: 4243-4247
LiZ, Guo Y, Zhao F, et al. Effect of film thickness and evaporation rate on co-evaporated SnSe thin films for photovoltaic applications. RSC Adyv,
2020, 10: 16749-16755

Li C, He W, Wang D, et al. Anisotropic thermoelectric transport properties in polycrystalline SnSe,. Chin Phys B, 2021, 30: 067101
Gowthamaraju S, Deshpande U P, Bhobe P A. Augmentation of the thermoelectric properties of polycrystalline Tin selenides via formation of
SnSe/SnSe, composites. J Mater Sci-Mater Electron, 2021, 32: 11781-11790

Sassi S, Candolfi C, Vaney J B, et al. Assessment of the thermoelectric performance of polycrystalline p-type SnSe. Appl Phys Lett, 2014, 104:
212105

Gowthamaraju S, Bhobe P A, Nigam A K. Improved figure of merit and other thermoelectric properties of Sn,_,Cu,Se. Appl Phys Lett, 2018, 113:
243904

Chung K M, Wamwangi D, Woda M, et al. Investigation of SnSe, SnSe,, and Sn,Se; alloys for phase change memory applications. J Appl Phys,
2008, 103: 083523

Xing G, Li Y, Fan X, et al. Sn,Se;: A conducting crystalline mixed valent phase change memory compound. J Appl Phys, 2017, 121: 225106
Bletskan D. Phase equilibrium in binary systems AIVBVI. J Ovonic Res, 2005, 1: 61-69

Kohn W, Becke A D, Parr R G. Density functional theory of electronic structure. J Phys Chem, 1996, 100: 12974—-12980

Kresse G, Furthmiiller J. Efficiency of ab-initio total energy calculations for metals and semiconductors using a plane-wave basis set. Comput
Mater Sci, 1996, 6: 15-50

Kresse G, Furthmiiller J. Efficient iterative schemes for ab initio total-energy calculations using a plane-wave basis set. Phys Rev B, 1996, 54:
11169-11186

Sen R, Johari P. One-dimensional-Sn,X; (X = S, Se) as promising optoelectronic and thermoelectronic materials: A comparison with three-
dimensional-Sn,X;. ACS Appl Mater Interfaces, 2019, 11: 12733-12744

Burton L A, Colombara D, Abellon R D, et al. Synthesis, characterization, and electronic structure of single-crystal SnS, Sn,S;, and SnS,. Chem
Mater, 2013, 25: 49084916

Singh D J. Optical and electronic properties of semiconducting Sn,S;. Appl Phys Lett, 2016, 109: 032102

Liu Y, Calcabrini M, Yu Y, et al. Defect engineering in solution-processed polycrystalline SnSe leads to high thermoelectric performance. ACS
Nano, 2021, 16: 78-88

Patosz B, Salje E. Lattice parameters and spontaneous strain in AX, polytypes: Cdl,, Pbl,SnS, and SnSe,. J Appl Crystlogr, 1989, 22: 622-623
Wang X, Liu Y, Dai J, et al. Solution-processed p-SnSe/n-SnSe, hetero-structure layers for ultrasensitive NO, detection. Chem Eur J, 2020, 26:
3870-3876


https://doi.org/10.1021/cm902195j
https://doi.org/10.1002/anie.200900598
https://doi.org/10.1038/s41563-018-0217-z
https://doi.org/10.1016/j.apsusc.2011.07.072
https://doi.org/10.1016/j.est.2022.104966
https://doi.org/10.1007/BF02874984
https://doi.org/10.1016/0925-8388(92)90566-R
https://doi.org/10.1002/1521-4079(200008)35:8%3c949::AID-CRAT949%3e3.0.CO;2-R
https://doi.org/10.1038/nature13184
https://doi.org/10.1038/s41467-023-37114-7
https://doi.org/10.1126/science.aaq1479
https://doi.org/10.1021/acsami.8b00524
https://doi.org/10.7498/aps.70.20211444
https://doi.org/10.1002/advs.201700602
https://doi.org/10.1166/jnn.2018.15189
https://doi.org/10.1039/D0RA01749C
https://doi.org/10.1088/1674-1056/abeee1
https://doi.org/10.1007/s10854-021-05807-8
https://doi.org/10.1063/1.4880817
https://doi.org/10.1063/1.5051227
https://doi.org/10.1063/1.2894903
https://doi.org/10.1063/1.4985247
https://doi.org/10.1021/jp960669l
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1021/acsami.8b18430
https://doi.org/10.1021/cm403046m
https://doi.org/10.1021/cm403046m
https://doi.org/10.1063/1.4959104
https://doi.org/10.1021/acsnano.1c06720
https://doi.org/10.1021/acsnano.1c06720
https://doi.org/10.1107/S0021889889006916
https://doi.org/10.1002/chem.201905337

37
38

39
40
41
42

Wang Y, Lv J, Zhu L, et al. CALYPSO: A method for crystal structure prediction. Comput Phys Commun, 2012, 183: 2063-2070

Schrott A, Lung H L, Happ T, et al. Phase-change memory development status. In: Proceedings of the International Symposium on VLSI
Technology, Systems and Applications. IEEE: New York, 2007. 100-101

Wauttig M. Towards a universal memory? Nat Mater, 2005, 4: 265-266

Burr G W, Breitwisch M J, Franceschini M, et al. Phase change memory technology. J Vac Sci Technol B, 2010, 28: 223-262

Zhu D, Yu N, Gong C, et al. Ti-doped Sn,Se; phase change material for improved thermal stability. Mater Lett, 2019, 254: 186—189

Hu Y, Zhu X, Zou H, et al. Al(Sn,Ses),_, phase change films for high-temperature data retention and fast transition speed application. J Mater Sci-
Mater Electron, 2015, 26: 7757-7762

703


https://doi.org/10.1016/j.cpc.2012.05.008
https://doi.org/10.1038/nmat1359
https://doi.org/10.1116/1.3301579
https://doi.org/10.1016/j.matlet.2019.07.049
https://doi.org/10.1007/s10854-015-3421-5
https://doi.org/10.1007/s10854-015-3421-5

M % h & 2025528 H70% Z6H

Summary for “Sn,Se,: —JHA % JRIETT BHT AR

Sn,Se,: New promising thermoelectric materials
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Traditional fossil fuels, which are finite and have high thermal losses, necessitate the development of new energy materials
for waste heat recovery. As the world continues to grapple with energy shortages and environmental concerns, finding
sustainable and efficient energy solutions has become a priority. Among these solutions, thermoelectric materials have
gained significant attention over the past few decades due to their unique properties. These materials stand out because of
their modularity and noiseless operation, making them promising candidates for power generation and refrigeration. The
efficiency of thermoelectric materials is primarily determined by the dimensionless figure of merit (Z7), which is a measure
of a material’s ability to convert heat into electricity. ZT depends on three key parameters: The Seebeck coefficient,
electrical conductivity, and thermal conductivity. Achieving high ZT values is essential for the practical application of
thermoelectric materials. High ZT values require materials that exhibit both low thermal conductivity and high electrical
conductivity. However, this is a challenging issue to achieve. Metals, which typically have high electrical conductivity, also
have high thermal conductivity, making them less efficient for thermoelectric applications. On the other hand, ceramics,
which have low thermal conductivity, generally suffer from poor electrical performance. In the search for ideal
thermoelectric materials, researchers have turned their attention to elements that are abundant in the Earth’s crust, such as
tin (Sn) and selenium (Se). These elements not only are plentiful but also exhibit properties that are conducive to
thermoelectric applications. One compound that has been extensively studied is tin selenide (SnSe). SnSe has garnered
interest due to its remarkable thermoelectric performance, particularly in its p-type semiconductor form. It has been
reported to have a high ZT value of 2.6 at 923 K, making it one of the most promising thermoelectric materials discovered
to date. In addition to SnSe, tin diselenide (SnSe,) is an n-type semiconductor that has shown potential for thermoelectric
applications. Recent research indicates that SnSe, has achieved ZT values of up to 0.8. Moreover, the combination of SnSe
and SnSe, in the form of SnSe-SnSe, composites has been explored as a way to optimize thermoelectric performance.
These composites leverage the advantages of both materials, achieving lower thermal conductivity and enhanced electrical
transport properties. Another compound that has emerged as a potential thermoelectric material is Sn,Ses, which consists of
a 1:1 ratio of SnSe and SnSe,. Both computational and experimental studies suggest that Sn,Se; is a unique phase distinct
from a simple mixture of SnSe and SnSe,. The band structure and thermoelectric properties of Sn,Se; have been analyzed,
revealing potential ZT values of around 1.0 for both three-dimensional (3D) and one-dimensional (1D) forms. These
findings indicate that Sn,Se; could be a valuable addition to the family of thermoelectric materials. Furthermore,
researchers investigated the effects of doping Sn,Se; with elements such as titanium (Ti) and aluminum (Al) to enhance its
properties. Doping can improve the stability and electrical resistance of Sn,Se;, making it more suitable for practical
applications. Relative research has shown that Ti and Al doping can enhance the phase change properties of Sn,Ses,
potentially leading to higher performance and greater stability. Despite the significant progress made in the development of
Sn,Se, compounds for thermoelectric applications, several challenges remain. One of the primary challenges is the
synthesis of these materials with consistent properties. Ensuring the stability of the materials is also crucial. Future research
should focus on addressing these challenges to unlock the full potential of Sn,Se; and other Sn,Se, compounds as low-cost,
high-performance thermoelectric materials.
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