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Abstract: Thermoelectrics are advanced energy conversion materials. During the past decades,
more and more thermoelectrics have been exploited and single crystals SnSe has become one "star
material" in thermoelectric community due to its superior thermoelectric properties. Up to now, high
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figure-of-merit of 2.6 at 923 K along b axis for p-type SnSe single crystals and 2.8 at 773 K for
n-type SnSe single crystals along out of plane were obtained. In this paper, based on the thorough
investigation of single crystal SnSe, we clarify the origin of the excellent properties of SnSe, and
summarize the synthetic methods and strategies to optimize the thermoelectric properties of single
crystal SnSe, including band engineering, carrier concentration optimization and point defects
engineering to reduce the thermal conductivity. Finally, we highlight the development of single
crystals SnSe in recent years and shed some light on further improvement of this system for future
study.

Keywords: Thermoelectrics; Single crystals SnSe; Low thermal conductivity; Electrical
property; The figure of merit

P BB AR — b AT DLZE [ R A R b SEEIL L RE 5 A BE ELEE AL IO B R ), sk, Bl SRAT
JEHAE N —FEE AR B HAT T 20 . AR A AEBUN. 3. o . et
B PRGSO TES P, (S AR AT AR T iz e |, dIZ
g AR FH 1) 32 R 3 e FLBU IR i . (AR T 10%). A AR SEIL A A 77, B 3
EEIT 20%.

AL R ] AR IR A

AT (T 2T, -1

STy I+ ZT, 4T /Ty

e T A Ty 43 5 J9vA St e B RO G B, AT = Ty — Te NI, ZTae N FHRAEME, R4 EHNg
AR M 8 28 1) B AR AR

RIS (1) FTUAE I, MR EAE ZT #K, FAbeR s . B RE ZT 53 3 Lk,
KA ) 7 Ml Ak 37 FH 7 RE A IS

FR AR AR, B R O SRR RO R BE — B BGREE TE E EOR fe hia KB A
BHE R IERE 2T AT AR R A

n (1

2)

Kby TR, o NESE, o EF (HETHTE G MERAT R HM), SN Seebeck
2. MK Q) FTUE N, ZRERAE ZT (8, MEHZER &K Seebeck %S, M TR M
RAART R o Khr b, RN SECZ B ERAE 1 ELAREE B T IR RGN, o 1, Seebeck
RS TR, MTFASRIE, XA AR 7 T B AR S SR
ki BMPREARAENE g, AEME— T USRI 28 TR, SrMEAH G RO AR
el — ANy 1), 3B FRAMEACA TR AR LR B I 45 1) TR PR A i ks 7 30,

VP2 AR RO AIEVERE R, T DUBLAEORIE mERE . 2T xSRI wE 7e, 327
MOV RE R T i G A P RE AT AV E BRI A o 8 DL AR P 2V R IR 42 D i B B IR A
AL B TARUSIS OISR BEZOR O ARMRGE L, R IR AN 0% . o
BT IR LA S R Tk, W] DUE T F30E 245 2 70 32 R SCBLBR TR AL LA R 9K /g
AL E R LA R AR . VAT, M5 T AU AT PR S 772 B R R A PRIl s A
SHPS M W & p e 0N TR TRt L. | € RN 1./ €[ NI VA <174 1.1 € AP € 1)
Fil Rattle-like U514 . FIRAMALH SRR T 5 12—



% 4 H (HRFELAMEE) Advanced Ceramics, 2019, 40 (4): 215-234 217 -

SnSe M EHEMGIR)E T Pnma ZAHE (a=11.521 A,b=4.163 A, c=4.440 A), E5E2 A Hiuk
LS, & — P ARAE ARG BT B A A B), SR B A% A8 I A AR AE A T R I e Ak,
SnSe JFURMAMREE. HiFetd BEE . HBIARUFSHE AL &2 BT TG e, SR, 28
SnSe FIEVEREIEATIAR, HEA K M0, 5 SnSe BA B = MBI TIT R 2 A0 7
HPERE. 2014 4, BXS7 4% A AG BLA 24 KA K T 0 SnSe,  TIAZE A L ZT (i miik
2.6 (ZT=2.6@923 K, b J7Ir)), T 7 ORFFE T RIPUAR EHR K ZT B8 2.4 Badsk, O ZT
18 5t (T A LA R

PbJe, ORI (R 7T 4T B 5 SnSe FA M RERILL TR T KEMWF 7. B 1 i 20 24
SRETHEFC I LR BB 8 ZT (5 BT BLE Y, K4 s AR P- 25 ZT (#B7E 1.0 LL
T, M A A AR R 25 P B Te. Pb H#, Te fEHIFE & EmED HMH & 5.
Pl S s P R A R DI AR A = OB 72 Sng.o7N g 03S€00S0.1, TR s 1.6 2018 4, BXALAR
NI F n 2 SnSe “ 47/ 4E ML AR SARETE, RIREESE S T n 2 SnSe B AR FA LI RE,
SEPL T R IE ZT ik E) 2.8 HImthRE, %45 BAE T Science M. ik, IRATAKMEMEN, JFJE SnSe
FL A AR R AR R R

A SORARER B SnSe IAEK 77 M SnSe LS S, HL4h SnSe #A R RERIHR AL T7 7% LA
J B SnSe FIRF 7Tt & o

125 SnSe WA K F &

p R AR 2R, ORGSR XGRS ORISR WA A LA
SR IS BB AERKIE. BUERNE. SRRESED . A A KOy i i R S B T AR
M. B2 75H 7 Sn-Se —JuHlEl, MEF I LA H Sn—Se RGAFAEM N3 SnSe A1 SnSe;,»
HZFEHNRHIMEY) . SnSe G AEKTNVE L EA MR A BLar 2 MiAERKVE, AOHAERKE. #
FURTE IRBEBR A ER Y, TRy i, A7 LA SRR A KO B AL —, MRAK
Hetk 55 SnSe fiei HIH0 77 1% AUMAE KR 45 AN AL [ AR A T sk 1 07 1% T RIGE E) iz 1
TN RBE BT ) 2, T/ RUBE B0 i PR e 45 DR B PR A TR s TS B A T2 W i
FAERK YR etk

s Te&Pb-containing ™ IniSes i :
181 & Te-containing A BisTes = L Y Ut
151 Others ; [ {819 |
2 Sn.Se single crystal o 200
. 1.2} % This Work 5 v
= teand/or? £ 700
N 0.9F o / ® 656 |
2 - sle‘;?e lc- 8 “—/629
talline > d
0.6 POy YT T==r i $ 5 600
@ = B : . ‘g cg
0.6F @ 2 = =
/€ 3 5009 ? ?
0.0 L " " A1 " PR [ S S — —Y " L " " )
2000 2004 2008 2012 2016 0 10 20 30 40 50 60 70 80 80 100
Year Se at% Sn
1 3 4B 3Rl ey — e A R ZT (B K2 Sn-Se —JuAd A
Figure 1 Comparisons of the average ZT values for Figure 2 The phase diagram of Sn-Se binary system

recently-reported thermoelectric materials



218 - A 4, ¥ E SnSe #h AR R B E % 40 %

Lowering mechanism L1 HhEFEREEKHE
Temperature — i BOA 2 &4 K% (Bridgman-
M!ﬂ' £ : ;‘:’:E:rrature Stockbarge method, B-S %, X FRIR T F#%) /2
4 m SR P SIS 1 2 AR T
s ZHAR S PN b A K i A B BT BRI AR, ] A

Thermal

insulation Kbt Rl E AR R iz P20, A i F ¥
L Crystal B R HIARE AR B B S S e, S
- Crucible S S [ R TR R o P Bt Y SR » SHESR TR B
L Heater AR I EERR L AR N 2218 R B M) AR AL
Joi» TSR AR X RS B0 X, R I A
v S G v DX I I A AE JE AR R B A I K
B3 mETRETEA X, wnE 3,
Figure 3 Schematic diagram of Bridgman method 5T 5 SnSe T35 K BTALFE (> 99.999%)
(] Sn. Se ¥y R B EEMRLE T EH P &I LU AR BT
BETAWEED, BETEA EREERMM hEil, S8 T, 255 i 2 206 5
o, WAL, MBI T MR KR, HE ARt

Position

Lower oven

1.2 SHEEKE

100 Z4ERT, A5 SAARSE B TR T O 2 R A5 BRA R . SR SETE D 2L HEdh e
28R R RS SR AL B AR AT B . Wi 4 B, K SRS A AR B B % M
o, KR E T INAE B OV R R S T R s, AT R B RSP R SR A OB AR
VIl AB, JaE R BERE FEIKAN N HRA R ERIR G, ASYR AB @I EGRE A.
RS A TR U R AR K ORI — 4y, X — vkt AT LARR M 3 M s Y,

SnSe H iy A AHAE KR 2 iz 07730 Se 78 1133 K BF&SHH, 7EE R Sn it
= Se, il I Sn Al Se JRNAEM SnSe 1 JE FEARSG TR . L HZ 7 VE T DUR Pt A= 4 H bR B
Fedhe (H7E, KA Se i &2 FEAERE M HAAE/D & SnSes.

1.3 IKIRLATIIGE

FZRIE TN G H BRI, AKPGERT 0 KB AR KRG B KR BRI G 2545
CLRT N T B A B AR ARG L R AR AR R PR S R 1) 25 RS A R ) ) % A R b B [
5E SERIE T A o

W, SR EELE 300 K ~ 473 K Z AR 7K
B R SRR IR K BB N 5 5 i JBE A
473 K UA_E S BAR N i dim K #A SO o AR /K
I SN E AR D7 it A Tl A7
Sefit TAREAT, EImZ B AMRE .

TR AT TR FATT PAAL F A 1 B B A2 I e OB
%ﬁﬁﬁ,ﬁ@%%WE%ﬂﬁx%&%ﬁji 4 Ak KB
K oI SRR IR AR KB ) 2 At T AR Figure 4 Schematic diagram of vapor transport
g WP A, 2 aksr. method

High temperature T




% 4 H (HRFELAMEE) Advanced Ceramics, 2019, 40 (4): 215-234 -219-

RLIE 5 15

IKIIEF IS IEIRAT SnSe WA RTTIE, HIUNHARA IR SnSe F . AT LR A AR AT JE K 54
NEASAEAS I SR DU 2068 A Ao B A S AR B SnSee BETT VIR BEARAHIRAN, TG AL EE . 4
VRIS e 20715 5 T, AT DL I S AN R A SORE SR AR R P R RS, A S R T T
BRI B AT 50T

14 BREHBEEKE

T AR B2 AR VR C B T 4R AR K . 7 VR R R I R AN R TC R R 2 ok
AEIEREE . B 5 R TR AR AL AR B NER AT USR], AHREshein, R
i i P52 A PR A P S T R et R A A o iR R T DA A R — A PID il A% ) s R SRS i . e
THIER SR, TR 5t B 28U, PP RS R IR . PR CE T 58 i
R0 P B R5  e BU FE )

IR EERBRENS T8 SnSe AL 2 R A IE o 2B 2R Sn A1 Se A3 AR Ay fb A4 A KT |
WY, XLERTIRYPRAR IRAF/NT 200 H, MMRER RGBSR BAEERKEREDT: H%k
K Sn Ky A1 Se Ky N JEBEAT I 2B, SR 5 il 3028 F B s R 2O O R IR S AL
IR FEZENE LT3 SnSe MM iz by FFAEIZIR L RUORFRIG 2 8], f5cJr Rt DA A PR3 B2 22 18 v B0 A5 4
BT, BUERH FRE R,

2 MRHEM 5 IR
SnSe HLEITHE 1 REF 10 FERIBARIA AR ZT {50 2.4 Hidst, — 28809 H AT ORI ZT (%

(@) (b)

Thermocouple ———

Furnace wall ==

Heating wire

Ampoules
T controller
Power supply
Solid-liquid
interface

Generated seed

lllI[ﬂ.

B 5(a) SLAW; (b) LRW A (o) IRE B E % £ K HE SnSe 421K
Figure 5 (a) Temperature gradient vertical furnace; (b) vertical furnace’s heater, and (c) single-crystal ingot of
SnSe grown by using the temperature gradient technique



- 220 - KA %, ¥ 5 SnSe AR R #E B % 40 %

EI AR (p B 2.6, n A 2.8) WS s AR IR TIRAWFST. R A SnSe (AL,
Py BEARSE R . ARG R HLHI ST R 1T SnSe i P MERE 1) N ZEHLEE

2.1 SnSe RYEAKLEH

Sn M Se AT KA Z B T HEAT 40 31 2 4d'055%5p Ml 4s%4p*c 1T Se JE 7 HE A7 EE Sn JH 750,
FiTLL Se B 5 RE WA BT, SNE B THA AR 45%4p* 258 T 4s74p°, 10 Sn WIZkEPIAH
TR T 4d'°5575p". XA $°p” ZALBUE AR A R AT DURI A = AN R TR RS e, SO0 R At
SRR 1 H Sn ST Ss FUIE K L1 X FLAE db AR 284 ()L A A SR E o MW itk
TR AR A 2 (A A AR

SnSe fh A B A IEAR A = EAH B A AR5 . IR, SnSe SAUTHE av by ¢ =AMHT K&
IEEERIIIE 6 Fizn. SnSe TANGEMELS 8 MR, /A0 TAHABHIM)Z . X428 Sn JEFHEAI R — 12K
B R FR N TR, B 2 [RITE R 6 AR PE i, Forh =N 5 A — 2 Sl 48 SR 1 2 IR0 1) o 2
PN 2 5 A — Z UG ARJE 7 I s 82, e — /MR MM AT R T 2 IR TR ik 2% 5E . SnSe J&
T Prma S E#E (a=11.52 A, b=4.15A, c =4.45A), 2522 [a| Hyu e )145 4 . & 6 (a) A1 6 (b)
Fian, TEbe L, WY& b AR FREM, IHE ¢ JTIAfg “HRFR” 451, Sn fil Se Ji 7 A4
K B AR5 M afym ERNEFEEEES, Ra e ISk, JF1 g
KAKLAHE . A 6 (c) FTUABAEE 2] —A Sn J5 75 & Fl Se JRF LR T DU A R B Fy b4 . i

(@o o o o o O (b) {(c)
L
g 3333 o o . ORI I
o S S S’ 2l 5, o
08808 FPTE s 1004
:‘8‘ ?8/ 8 [s] MMNW s Bond 5: 3.331 A
I \8# '8 . 8 M S % o Bond 6: 3.471 A
— C ©Sn ©8Se

%l 6 SnSe W{KiEda A% (Pnma)
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TA1 TA2 LA
/K v/ms" % #/K  v/ms 1% #/K  v/ms ¥
a-axis 30 1069 4.5 31 1572 4.0 36 1698 9.8
b-axis 71 1568 1.8 71 1551 5.7 72 3479 5.8

c-axis 63 1248 2.6 71 2177 4.5 76 2784 4.8
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