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Figure 1 The crystal structure and basic physical properties of SnS. (a—c) Schematic diagrams of the crystal structure (Pnma phase) of SnS along the
a, b, and c¢ crystallographic directions, respectivelym; (d) X-ray diffraction patterns of SnS powders and crystals at room temperature, with the standard
pattern plotted for comparison; (e) optical absorption spectrum and bandgap of SnS at room temperaturem; (f) reserves and prices of S, Pb, Sn, Ge, Sb,
Bi, Se and Te elements in thermoelectric materials. Copyright © 2018, Royal Society of Chemistry
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Figure 2 Phonon and electron properties of Sns™. (a) Calculated phonon dispersion of SnS; (b) calculated Griineisen parameters of SnS along
different directions; (c) calculated electronic band structure of SnS and the Fermi levels at different carrier concentrations; (d) second derivative of the
band dispersion diagram of SnS crystal obtained by ARPES. Copyright © 2018, Royal Society of Chemistry
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Figure 3 Schematic diagram of synthesis and preparation methods of SnS crystals and polycrystals. (a) Temperature gradient method; (b) chemical
vapor deposition method; (¢) melting method; (d) mechanical alloying; (e¢) chemical methods; (f) spark plasma sintering method

7 Bh T & AR A, WE3d)Fs. BT, X%
FEBi,Tesw SnSeMISnSAFMAIPAIR R T Iz H. SR
1M, ARG B ARME LT il 2 fb e S SOOI 55,
TCEA ORI FHSnS s A ] S, DRHCHE oK1k
SRR RN R, MEBE)FTR. ferik gk i
oy TR PR RGO A BV L. KR AR T
JEZSRS LUK R A SnSky AR, w38 ok ak ah
K RST 350 4 HL AT R385 AR . s Ak
fdE FHAS R Rh 28 (9 A 700 B IR A A TR Y SnS A
i, DN, T S VR R AAE 2 A AR TR B
FRIRGA G AR TFIERS 30T, 55 Ho o1 £ R
ST SnSHIR B LA R SURR IR S 4 T i Bl
FIE U368 o e e S PR R, R IR, A i
RSB/ IN e 3 1

SR, R A B SnSEE i 2 A R sl B e T
&, HEMRAECEEAF] T 5 SLPERe AN SE R .
DRI, 3 R 3R TE (ot pressing, HP)**VHIi A %5
BSR4, 1 (spark plasma sintering, SPS)™ "4 &2
WA TECE AL, SPSEAA ELTFHP, REXE NN

s B8y [ X A AT AL T A, e R P ) S B
PREGEELTHEIE, I 2 SR 20/ S5 T S
AUERIRRDRL, R3OS, BT RIS 2 Sk
H R B SN, e T SR AL KR Y b A 1 A
SN A A SR AR, BT AR A A
RN, AU HUR R AL A A A S X R
i LR B, TR AR AR TR AR T R,
e, ARREARL R B2 B ATETE REAS B4 IR AL S
AR, P, SPSERYL N T AL R PR BESs
FZ2 iSO AL B, DR S HERE A 7 N 18] A 52 0 sk
ABCE SR, AHILZTS, HPEORGERHZE
HAGEI eI A, S 30 vy 8 B A sy ik B2 A L7 T
RILHMRF LS. EAh, BURHARTE KA Fidk
KR RE Ay, DH A G AR AR E T, AR
Cibsiepniiipue

3 pUSnSE ARG PEREDLIE

R TR AN (o = new) TR, FRTHEE W n
RS R A SR SCHEP . SR A SnSIA

689



M % h & 2025528 #H70% o6

A v 1 FE DL 5 R BRI s P S R R A R R
PR E R ), (B TE B9 B R ) T PERERY
PE— AR TS R TG R 2 fhsnS, b St
JEE TR T IR R, HIE TR R,
SEOLE R E RS EREAED. R T SRR XA,
Hef—y)\mmmsipmﬁ%\%ﬁﬂ%rﬂ%@%, i FH SnS T
R SRR ZE R RS A5 1) S0k, BTl 48 T B i3k
T IE AR pUSnS fh AR KL, i E T T LA AL
B PhHE.
He % N\ P19 S FHX B4 15 B 5 95 2 1 23 W ifl
T SnSEikRTEas by = ATy ) R SRR, IR
T EAT LR SR, SR MEN EREL W
El4@FMb)IrR, &= s 2800, H
TIPS ) R S R B 8 T Ay T, i —25IESE T SnSHY
SRS S, T HE— R T SRR, He2E AT
A T84 @ e & NalE p Al Zuil, W3 m T A RN
2GR TR A GR, W 2%Nafg#524, 300 KT
(e TR, DI (power factor,
PF = S’o) B RAB 2 AR 13045, WnEl4(c) 4k Rk
TR, Woe APPSR R B A A L2 2 v R RE
£ T4 NalfSnS i A, J-l i 5 s iR s —
PR REEIR LSS, RBINaB e it TR &

7, ks e RS THR AL T B KE. 1esh, oo
REBAIEA BE LSS SR AL AL 5T,
W& 4(d) i (e)Fim, ASRIRE S YRI5 i R R
FEEEA TR N ORRFTE BRI B, e, il Nan £ 18
FARTF2S 7 R B AR HE 2 i R, WIAP S Tp
HISnS S ATE TN 7 1] SERIp AL R RE A 4R T,

A0S, He A5 Seid i o i 4% vy 1k

SERYSER T IR R A RO PRI AL, 7ENats
%%%Mi,mékmﬂﬁﬂﬁhﬁi%%%ﬂmﬁ
B, RGMST T pSnSTE [ Se il J5 I ReHy 44 S L
Bt T P (e AR A, R BT = A B R T s i A
HAST I RE AR AR, R T 2 i - 5 -IR
FRT RN, P iy T A2 ek A R LR R0 A R
T EIR AR R A TR — X R IS, 2R
BT SRS PFE Y T, X FEE T, [ Se
il = A B FEORA A RUT RS, SRR IR
AT 2S5 A RUR R AR, X e FERENE A Ak
BRI RR TR R, SILRIEE, SnSH=AMH77E/ N aE
HYE B N AR ERN B B, e AR i A AR RN A
FIF 380 23N 2 5 H AL 5 BE A BN, ) 18 17 S5 B K 11
A0 A U N ZE D e R AL il R TR R
FE L g ZECA TR I S e H SnS, _ Se, AR T 8 1T

o A e - o o o e, o NN Vi
WS SR s, WM 72N R MR BRw S A (m ) Z AR ERSCER, FXIE
a b c
( ) 1500 -@-SnS-a axis, He et al. ( ) 1 000 -9~ SnS-a axis ( ) 60 ) ~o-Sns-aaxis |
B8 —~ 50! o Shcme
1 200 S:n QZNZ’:;S_‘Z :;; He et al. 800 m ““! Sng ggNay g,S-¢ axis
—_ Sng ggNay o,S-b axis, He et al. M = 40 | Nao oS-b axis
“— 900 ~@- Sny ggNay ,S-b axis, Wu et al. 'E =9~ Sny gNay o, S-b axis
e ~@— Sy 5Nap 025061580 00-b axis, He et al. Sy ogNag oS¢ axis ‘\ ~@= SNy ggNag ;S 915 097 aXis
(&)

Sng ggNay o,S-b axis
—-@- Sng ggNay ,S-b axis
=@~ Sng ggNay 1,8 91580 og-b axis

A\ © 30}
\ 320

x\\\%

[T
M & 10y
Ot—se—s—are 200 0
300 450 600 750 900 300 450 600 750 900 300 450 600 750 900
@ 4, T (K) (e) _ _TK o5 T (K)
~@-SnS-a axis 35 ~-Q-SnS-a axis ~9-SnS-a axis Sng ggNag o, S-C axis
3.5 -@-5nS-b axis -@-5nS-b axis ~9-SnS-b axis Sn oNag 0,S-b axis
e 2 ~@-8nS-c axis ~ 30 ~9-SnS-c axis . 2.0f O-SnScads o SnggNanSbax\S
T 3.0 Sng ggNag.02S-¢ axi.s 5 :"GBBEEDUZE:EEX'S — SNj 6sNay 6,50 915€ ogb axis|
=25 0 X 25 s e 15l
£ 20 ~@~ Sng05Nap 02500150 gD aXiS € 2.0 a =9 Sng 95Nag,02S0.915€0 057D aXis
R AN 215 1.0p
Frg TRl 200 05
oo L 0.0 s
7300 450 600 750 900 7300 450 600 750 900 . 300 450 600 750 900

T(K)
Bl 4

Figure 4 Thermoelectric properties of the representative p-type SnS crystals

T (K) T(K)

IR TISnS A PR ERE. (a) L5 (b) ZEDUL R (o) IR T-PF; (d) BT (o) MG (B ZT1H

22323 (a) Electrical conductivity; (b) Seebeck coefficient; (c) power

factor; (d) total thermal conductivity; (e) lattice thermal conductivity; (f) dimensionless figure of merit Z7T

690



P A

ST AEpMISnS T E % Se, — Wit 2 AT Z 8] &
AETRTIFAT y, TG RS 2% B A A8 o A DL v R
Ji—J7 T, fEHEMHT L A RET S it AS b R AR
R AR i, SEMEETH IR R, A fdiE
WM IER A R = PRI, anEl4(c)i7R, Na
BARIISNS, ) o, Seq ofb AKFE A 75 2 R BT (1 PFER S T
53 uW em™ K. A, SeTCZ A S T TS s iA
B, BIAT &S EEEEEN I 80 22305 1
Ak, SCELT pSnS AR AR T A iE— 2D FEAIK. B
28, YRR AR Y F i iz RS M RR A AS SR A R R Y p
HISnS, o1 Seq 0o it ARTES73 KA 523 T £91.6 15 K ZT(H,
FFAE300~873 K SE Ik P SC 8L 1 ik 1.25 0 F3¥ 2T
EP T, He® NP IR T2 TphiSnS ik
AR R, A5 B p B SnSHE P B9 7E 260 KI¥
Pl 22 N R CR T 3%, A — ek
P B BRI (A A R 251, (HIL TAE L A H £ 68
7 28 HAE PP ACTR i S PR A S B AL TR SRS, T
B X p 28 Sn S HE T i 3ok =5 AU AR L R A R B R R AR
R AR X — 2R R R BB e T
SEIGFERE. Ab, ik~ 0.7REIRZTIE MR, TEVERE
vE— R THIERE |, p/USnS A AL AT RS A BN
FHT IR S RIS, A Y HTE— T A Bi, Te, M oRHE
HEEA IR AL At 8 AR Sy %
R

SnSFHEINHL FR 1 7E VL 25 Sz H R R 4l V4 4 1) L
HITER HME, (HEfTRTEREFER KR 132 H ik
S RLZ [ A s e, P b R R T
SR S AL R T . B A b R T B
RAFH SR . B I A A2 P A A AT e 2k
BT, B2 fl v BH T DA £ L i 50E s 3R
HLAPARE, W REEURE; R0 b2 E R e T LAk o e
Km0 TR R A A i b &4; 5 SnSHIT Y
PRI R, TR OR R A1) i e S el A S A
MRHR B A, AR TSN, BLAh, FEit
BREE AR RL ) (RIS, 75 2 R0 B0 0 $ b L 5 P
BLZ B4R T2, HEH WG T A A s
g5, RSB TRRAS . HEE. fheReE. BB, R
FE S HEf S, RIRIAERE T 4484 Hpuh k. B, 7
SR S T N ) R TS e s, O
DRI HE A 2 5 S A B 25 B o B, il
RE/IN, AT AB PR AT A AR S AN R AT Sk, DALk,
A SnS LI ZF 1 = FEAF 5T 7 [l 2l L A B 200

RS ER T A S 9k, PAFRAMRRENER
FORL 55 H T 2R AR RO PEREZOR, 45 2L
AR AR, I i S T BOM HatE A T 207 (PP fie
LA S SnSIIEIK R BRI . $Efh A B/ FRE L
SRAGEE AR, JFAS 5 Z LR T2, I A s
PERERISnSIEINHL AR, LIMESN X AR AAS . FRETACLS
TP A RS2 B .

4 pMiSnSZ A RHIHLIEREIL AL

A pRISnS A PR P LB B D05 ) T i A
HLPERE, (ELA AR Bl A2 2 i 4 T 20 RIT 20 1 AR I A
AR Z R AR ZE RN BE, #R02E TpRUSnS ik
PRBERH PRSI TR AR T HORBRAL. 51t

TRT LR T 2 I AR AN i A LAR e 1, iz 31 T FoY
NG Tk, AMT17ESnSZ i s M RE T 5%
SIS T BE R R, R4 SnS £ T 2 I i ZTE
WA TR B AR IR, AR SR PR EEREC A
P, WA N8 R AR TR T B,
B L BET A5 . TS AR LA S S 1 S T B
BEATEAk, 1E800~900 KR FE N, M IhHsSnSZ i
PRI ZTIEM~ 0.132F+220.8~1.3, UIEISPI/R.

20104, Parker A\ T4 — P OB )13 45
FUH, SnSHAHE HIZE D 75 228K, 1 M p Rl ZL ] ffi
SnSHA IR D TR FE IR B, 20144F, Tan%s
NP1 R BB 4 Al R0 v 25 B T B s B R il 4%
T SnSZ AR ATAL, B S AT B R A FE DL T R BN
TRAAT AR, 76823 KHFSLHL T~ 0.16A9ZT(H, HSnS£
A ARG B T SR, SE—2P i, 5]
AS5%H AglE A pRIABZ T 25 o 7 e B el -
R (K5(a)), Zh5AplISnS HAH X4 = B 2E U1 7E R (]
5(b)), Tan% N MR ARE S 7E923 KN I PRIEHE T2
~3.0 uW em ™ K7, 1SR, B TAgBAMRF T
SnSHIAMAR I SRR (K] 5(d) Fl(e)), T, 1923 K}
ST ~ 0.60 K ZTE™, SRR, e, 2000
FH W TAEWZUGIES: T AgTESnSZ fit R i #i e
PEREMEALSCRT ) fEAgiB 2 BRI, B4 B L.
Na%5 LR B2 M pHISnS £ i AR &, HL
T BRI 25, BRSBTS AR B f #
REAALE 03 s SR,

BT TR FRE R AL p I SnS £ fb A RE L PERE 10
BROKNE. T SnSe 5 SnSTE KL . REAT LS.

691



M % h & 2025528 #H70% o6

—~
O
-

(@) 50 (d) so0 6
~ @~ SNy 495AGo.005S Sng esS 9= SN 695AGo, 005 Sng 58 =@ 8N} 695Ad0.005S SnggsS
~@-8ngeelioeS @~ SNy esATo00sS 700F 2 ShoseionzS =@= S5 06ATo 005 —~ 5 -0-SNygslingeS  ~@= SNy geAG 005S
40}-0-SnoeeNage:S  ~@= SNpgeasAdo gorsS -9 Sy geNaty 5 o 9 SNoceeAloonsS & 0~ SNy geNag S ~@ SN assATp07sS
Sno ggNag.02S055€05 — 600 Sno ggNao.02S0 6S€05 N Sng ggNag 0,0 55€0 5
£ \ v 4
§5m " 53
2400 = %i
® 300 7 ol W =2
el 'l L
200} 37 o 1
[
100 0+

0
300 450 600 750 900

(d) T (K) @ 5,

300 450 600 750 900

300 450 600 750 900

T(K) 0 15 T(K)

~9~ Sy g95Agn 005S

~ 9= S 695400055, Tan et al.

=@— SNy gslig 025

~9-Snggglip oS ~@- SNy gsLliy S, Niu et al.
~ 1.6 ~9-SnggeNag S ~ 16 9= 5o ggNay S -0 Sy 66N S, Zhou et al.
SngggNag 0,50 sS€g 5 N Sng e6Nao 028055805 SNy 6gNag 6250 5S€05, WU et al.
X 12 SngesS X 1.2 52 znﬂ»ﬁﬁi S 1.0 ShyesS, Yang et al.
e . ~9-Sng49Ag0.005S ‘T . =9~ 5o 940,005 ~@- 8y 66ATp 00sS.Asfandiyar et al.
e M A M TREE ] E M e TRIRL |y TR
£ 08 S 08 X
= e 0.5
E E ,
0.4 0.4 o
0.0 0.0 0.0 ==
300 450 600 750 900 300 450 600 750 900 300 450 600 750 900
T (K) T(K) T (K)

B 5 ILEpRISnSZ OB N MERE. (a) HB R (b) ZENTTREL (c) IRV TPE; (d) MIAS: (o) MIIVEE; (O ZT(H
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As global energy and environmental challenges become increasingly severe, thermoelectric materials have garnered
significant attention for their potential as eco-friendly energy conversion systems. These materials can efficiently convert
heat into electrical energy, making them rather important for applications in key technology areas such as aerospace,
industrial waste heat recovery, and active cooling. Despite notable advancements in the research of traditional
thermoelectric materials, the development of environmentally friendly alternatives with high-ranged performance remains
in its nascent stages. In this context, tin sulfide (SnS), a wide bandgap thermoelectric material, emerges as a promising
candidate for achieving high-efficiency thermoelectric conversion over a broad temperature range.

This review provides a detailed discussion of the fundamental properties of SnS materials, including their crystal,
electronic, and phonon structures. A systematic review of the preparation methods for single-crystal growth and polycrystal
synthesis is also presented. Building upon this foundation, we comprehensively analyze and summarize the optimization
strategies and the latest research advancements related to SnS-based crystals and polycrystals, with a focus on the key
representative findings. Additionally, we conduct an in-depth analysis of the current challenges faced by SnS-based
thermoelectric materials and devices, as well as offer a perspective on future development directions.

This paper begins with a detailed discussion of the crystal structure of the low-temperature Pnma phase of SnS. Emphasis
is placed on its unique low-symmetry layered structure, which contributes to its strongly anisotropic properties. These
characteristics are analyzed through the phonon structure perspective, revealing their critical role in the material’s
intrinsically low thermal conductivity. Furthermore, the electronic band structure of SnS is explored in depth to understand
its multiple band transport characteristics. Significant improvements in electrical transport properties are achieved through
the collaborative optimization of carrier mobility and effective mass. Subsequently, the paper systematically reviews the
various technologies for SnS-based crystal growth and polycrystal synthesis, including the temperature gradient method,
chemical vapor deposition, melting method, mechanical alloying, chemical methods, and spark plasma sintering. Based on
this, strategies and recent advancements in optimizing the thermoelectric properties of SnS crystals and polycrystals are
discussed in detail. These strategies include carrier concentration regulation, texture control, and band structure
engineering, etc.

Given the research results, it is expected that p-type SnS materials hold considerable potential for applications in
thermoelectric power generation and electronic cooling, potentially serving as viable alternatives to the traditional and
commercial bismuth telluride-based thermoelectrics. However, the practical application of p-type SnS is currently hindered
by issues such as insufficient processability, the complexity of preparation methods, as well as the lack of research on p-
type SnS-based thermoelectric devices. Therefore, realizing compromise between thermoelectric and mechanical
properties might be of substantial importance for further development. Additionally, n-type SnS-based thermoelectric
materials remain primarily at the theoretical level and have not yet been developed with promising performance, making
the fabrication of all-SnS-based thermoelectric devices rather difficult. These challenges highlight the current limitations in
SnS-based thermoelectric research while also providing clear directions for future investigation. This review not only
enhances the theoretical understanding of p-type SnS-based thermoelectric materials, but also offers innovative
perspectives and solutions for their practical applications in the near future.
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